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GENERAL INTRODUCTION 
Management Systems Evaluation Area Program 
The widespread use of fertilizers and pesticides in the United States has increased the 
productivity of the nation's croplands. As a result, agricultural chemicals have been 
introduced into surface water and groundwater and have produced potential environmental 
and health hazards. The Midwest Com Belt is one of the most intensively farmed areas in the 
U.S. It produces over two-thirds of all U.S. com and soybeans, and uses more than halfof 
the nation's fertilizers and pesticides (USDA 1994). Studies conducted in the Midwest report 
that agricultural activities are a significant source of groundwater contamination (Spalding et 
al. 1978~ Baker and Johnson 1981~ Madison and Brunett 1985~ Keeney 1986~ Hallberg 1987~ 
Schepers et al. 1991~ Hallberg and Keeney 1993). Current research must now focus on 
evaluating measures that would minimize the risk of groundwater contamination, such as 
reducing applications of fertilizers and pesticides and implementing alternative farming 
practices. 
In 1990, the U.S. Department of Agriculture, U.S. Geological Survey, and U.S. 
Environmental Protection Agency established the Management Systems Evaluation Area 
(MSEA) program to address this issue. The purpose of the MSEA program was: 1) to 
evaluate the effects of agricultural chemicals on groundwater in areas reflecting a variety of 
soil, geologic, and climatic conditions, and 2) to develop economically and socially viable Best 
Management Practices (BMP's) to safeguard groundwater from chemical contamination 
(USDA 1994). The primary MSEA study sites are located in Iowa, Minnesota, Missouri, 
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Nebraska, and Ohio (Figure 1). Satellite sites, which include pre-existing research sites with a 
history of water quality research, are located in Wisconsin, North Dakota, South Dakota, and 
Iowa. 
The goal of the Iowa MSEA program is to evaluate the effects of current and 
emerging agricultural management practices on groundwater quality in three regions of the 
state. One MSEA site is located at Treynor on the loess hills in western Iowa, one at Nashua 
on the Iowan erosion surface in northeastern Iowa, and two within central Iowa on the Des 
Moines Lobe (Figure 1). The two sites located on the Des Moines Lobe are the Ames Till 
Hydrology Site and the Walnut Creek watershed. Most of the recent research for the Iowa 
MSEA program has been conducted in the Walnut Creek watershed, which was specifically 
chosen to provide an assessment offield- and watershed-scale responses to agricultural 
practices. 
Walnut Creek Watershed 
The Walnut Creek watershed is a 5600 ha watershed located 7 km south of Ames, 
Iowa (Figure 2)(Sauer and Hatfield 1994). The watershed exists on a till plain characterized 
by nearly level to gently rolling topography. The western portion of the watershed is 
characterized by poor natural surface drainage. Extensive tile drainage systems have drained 
most of the land for cultivation. In areas where tile drainage is absent, closed depressions or 
"prairie potholes" remain on the landscape. The eastern portion of the watershed is 
characterized by a more dissected terrain, due to increased natural surface drainage and 
3 
• 
• 
MSEA Field Locations 
• Major MSEA Sites 
• Satellite MSEA Sites 
Figure 1. Location of Management Systems Evaluation Areas in the Midwest. 
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5 
greater incision by Walnut Creek. An alluvial floodplain has developed near the confluence of 
Walnut Creek and the South Skunk River. 
Soils within the Walnut Creek watershed are formed predominately in late 
Wisconsinan till and are characterized by the Clarion-Nicollet-Webster association. Well-
drained Clarion and Lester soils occur in upland areas, whereas very poorly drained Webster 
and Okoboji soils are found in closed depressional areas. Nicollet soils occur on side slopes, 
and Canisteo and Webster soils are formed in poorly drained low areas and drainage ways. 
Coland soils are formed in alluvium adjacent to Walnut Creek. The geology of the watershed 
consists of Paleozoic bedrock overlain by a thick (up to 100 m) sequence of Quaternary 
deposits. Paleozoic bedrock consists of Cambrian to Pennsylvanian limestone, dolomite, 
sandstone, and shale units. Pleistocene units include: Pre-Illinoian till, the Yarmouth-
Sangamon paleosol, Wisconsinan loess, and late Wisconsinan till. Holocene alluvium is 
found adjacent to Walnut Creek, along the more incised portions of Walnut Creek. 
Mississippian limestone, PennsylvanianiMississippian sandstone, and gravel units within Pre-
Illinoian till are major aquifers which provide drinking water within the watershed. 
Pennsylvanian shale and the Pleistocene till and loess units form a confining unit (aquitard) 
overlying the aquifers. 
Ninety-five percent of the watershed is used for row crop agriculture; livestock 
production is limited. Greater than 95 percent of cropped acres are planted in com and 
soybeans. Fertilizers are applied to nearly all of the com acres and atrazine and metalochlor 
are the most extensively used herbicides in the watershed. No-till and ridge-till practices have 
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been adopted by some farmers, but most still use conventional tillage practices. 
Previous Work 
Previous studies at the Ames Till Hydrology Site suggest that contamination of deep 
aquifers by agricultural practices is unlikely in central Iowa (Simpkins et al. 1993a; Simpkins 
et al. 1993b; Simpkins and Parkin 1993). The thick, relatively impermeable aquitard overlying 
the aquifers provides a barrier to the vertical transport of contaminants. Hydraulic 
conductivity (K) values average 10-8 m S-I in unoxidized late Wisconsinan till and Wisconsinan 
loess and 10-11 m S-I in unoxidized Pre-Illinoian till (Simpkins and Parkin 1993). Downward 
vertical gradients (approaching 1.0 in Pre-Illinoian till) reflect the potential for vertical 
recharge through the aquitard to deeper aquifers. However, these gradients are a result of 
low permeability materials, and groundwater movement through them is slow. Estimates of 
average linear velocities are approximately 11 cm yr-I in late Wisconsinan till and 0.3 cm yr-I 
in Pre-Illinoian till (Simpkins et al. 1993a). Isotopic analysis indicates that groundwater at the 
base ofIate Wisconsinan till is <300 years old, and in the Pre-Illinoian gravel units 
approximately 13,600 years old (Qui 1993). Unless the aquitard is unusually thin, or ifpoor 
well construction or fractures have allowed the preferential movement of contaminants 
vertically, the potential for agricultural chemicals contaminating the drinking aquifers in the 
region is minimal. 
Biogeochemical processes occurring within the aquitard also act as a barrier to aquifer 
contamination. At the Ames Till Hydrology Site, Simpkins and Parkin (1993) identified two 
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hydrochemical zones of groundwater in the till and loess units. These zones markedly affect 
the persistence of agricultural chemicals in groundwater. The shallow groundwater zone « 4 
m) is characterized by large, positive Eh values, the presence of dissolved oxygen (DO) and 
N03-N, and low concentrations of dissolved Fe and NH4-N. Tritium activities range from 17 
to 20 tritium units (TUs). The deeper groundwater zone (> 4 m) is characterized by DO and 
N03-N concentrations below detection limit « 0.1 mg Lei), high concentrations of dissolved 
Fe and NH4-N, and a sharp decrease in Eh values. Tritium activities are near the quantitation 
limit « 1.0 TU). Deeper groundwater contains unusually high DOC concentrations (3.0 to 
54.3 mg Lei) and above ambient concentrations ofCH4, which is microbial in origin and 
produced in Wisconsinan loess (parkin and Simpkins 1995). Hydrogeochemical data indicate 
that shallow groundwater is recently recharged and exists in an oxidizing environment. 
Deeper groundwater is older and exists in a reducing environment, in which denitrification, 
Fe, Mn, and S04 reduction and methanogenesis are occurring. Thus, N03-N may persist and 
be transported within the shallow groundwater system, but would likely be reduced, rather 
than transported, in deeper groundwater systems. 
Purpose and Scope 
Because the hydrogeochemical environment in the Walnut Creek watershed should be 
similar to that at the Ames Till Hydrology Site, N03-N may not persist in groundwater within 
the watershed. As part of an ongoing field investigation within the Walnut Creek watershed, 
two piezometer transects were constructed downgradient from actively cropped fields in 
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slightly different hydrogeological environments. Hydraulic head and hydrogeochemical data 
obtained from piezometers would serve two purposes: 1) to identify the groundwater flow 
system(s) present and its interaction with Walnut Creek and 2) to determine the 
hydrogeochemistry of groundwater. For this portion of the study, we documented the 
occurrence of and the potential for denitrification in groundwater within the Walnut Creek 
watershed using field investigation and laboratory experiments. At each transect site, we 
characterized the Quaternary stratigraphy, conducted a preliminary assessment of the 
groundwater flow system, and determined the temporal and spatial distribution ofN03-N. We 
characterized the redox hydrogeochemistry of groundwater and observed specific geochemical 
indicators in groundwater that strongly suggest denitrification is actively occurring in 
groundwater. To supplement the field investigation, estimates of denitrification enzyme 
activity (DEA) were determined in Quaternary sediments. 
Thesis Organization 
The thesis entitled "Assessment of the fate and transport of nitrate in groundwater 
within the Walnut Creek watershed" contains two papers for future submission to scientific 
journals. The first paper, entitled "Assessment of denitrification in groundwater within the 
Walnut Creek watershed, central Iowa", and the second paper, entitled "Assessment of 
denitrification in Quaternary sediments within the Walnut Creek watershed, central Iowa", will 
be submitted to the scientific journal, Geomicrobiology. The format and reference style 
follows that of Geomicrobiology. All tables and figures for the papers are presented following 
9 
the reference section. The reference style of the introduction and general summary will follow 
the above format. Appendices of data compiled in this study follow the general summary. 
Abstract 
10 
ASSESSMENT OF DENITRIFICATION IN GROUNDWATER WITHIN 
THE WALNUT CREEK WATERSHED, CENTRAL IOWA 
A paper to be submitted to Geomicrobi%gy 
Beth L. Johnson and William W. Simpkins 
Denitrification in groundwater was investigated in two different hydrogeological 
settings in the Walnut Creek watershed. To document the occurrence of denitrification, we 
determined the stratigraphy and groundwater flow systems present, determined the temporal 
and spatial distribution ofN03-N in groundwater, characterized the redox hydrogeochemistry 
of the flow systems, and investigated the relationship between specific geochemical 
parameters (N03-N, N20, DO, CI, and 3H). High N03-N concentrations occurred at both 
transects and is controlled by the thickness of the near-surface zone of oxidized sediment. 
The redox hydrogeochemistry indicates that N03-N persists and is transported within 
groundwater in the oxidized till and alluvium. The reducing environment in the unoxidized 
units precludes the persistence ofN03-N. Above-ambient concentrations ofN20 and the 
preferential loss ofN03-N relative to CI and 3H strongly suggest that denitrification is 
occurring in groundwater. Both the depletion ofN03-N and DO and peak concentrations of 
N20 typically occur near the boundary between oxidized and unoxidized sediment at both 
transects, suggesting that denitrification occurs at or near these boundaries. 
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Introduction 
Agricultural activities are a significant source of groundwater contamination (Spalding 
et al. 1978; Baker and Johnson 1981; Madison and Brunett 1985; Keeney 1986; Hallberg 
1987; Schepers et al. 1991; Hallberg and Keeney 1993). Approximately 18 percent of private 
rural wells in Iowa contain N03-N concentrations exceeding the EPA maximum contaminant 
level (MCL) of 10 mg L- l (Kross et al. 1990). However, rural wells in central Iowa exhibit 
considerably less contamination by N03-N than those in the remaining part of the state. 
Simpkins et al. (1993) reported that both hydrogeological and biogeochemical barriers exist in 
this region to prevent the vertical migration ofN03-N to aquifers. A relatively impermeable, 
thick aquitard composed of Pleistocene till and loess overlying the major aquifers provides a 
barrier to the vertical transport ofN03-N. Low redox conditions are present in the aquitard, 
resulting from biogeochemical processes such as denitrification, Fe and S04 reduction, and 
methanogenesis (Simpkins and Parkin, 1993). These low redox conditions preclude the 
persistence ofN03-N in the subsurface. 
Previous Work 
Due to the increasing concern ofN03-N in groundwater, research has focussed on the 
role of denitrification in the mitigation ofN03-N contamination. The occurrence of 
denitrification in groundwater has been confirmed by several methods: the variation of redox 
parameters with depth (Gillham and Cherry 1978; Foster et al. 1985; Smith et al. 1991), the 
presence of above-ambient concentrations ofN20 in groundwater (Smith et at. 1991), isotopic 
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methods (Hendry et aI. 1983; Mariotti et aI. 1988; Smith et aI. 1991), nitrate injection and 
withdrawal tracer tests (Trudell et aI. 1986), in situ measurement of denitrification (Starr and 
Gillham 1993), laboratory assays of denitrifying activity (Smith and Duff 1988; Starr and 
Gillham 1993), and the isolation of denitrifying bacteria (Foster et aI. 1985). 
Gillham and Cherry (1978) reported indirect evidence of denitrification in an 
unconfined sandy aquifer in southern Ontario, Canada. Concentrations ofN03-N decreased 
from a maximum of 50 mg L-l to < 0.02 mg L-l with depth in shallow groundwater. The high 
N03-N zone was characterized by DO concentrations> 2 mg L-t, absence ofCH4, and Btt 
values> 300 mY. The low N03-N zone was characterized by DO < 2 mg L-t, presence of 
CH4, and Btt values ranging from 50 to 200 mY. Additional research in this area, which 
included more detailed geochemical studies (major ion analyses, pH, Btt, DO, CH4, and 
alkalinity), environmental isotopes studies (0 180, 02H, 3H), and numerical simulations of 
groundwater flow and solute transport, confirmed the occurrence of denitrification in this 
aquifer (Hendry et al. 1983). Foster et al. (1985) provided geochemical evidence of 
denitrification in limestone and chalk aquifers in England. A decrease in N03-N 
concentrations was accompanied by disappearance of DO and decrease in Btt values in the 
direction of groundwater flow. Groundwater containing 3H, N03-N below detection limit, 
and the presence of denitrifying bacteria at depths up to 50 m also provided strong evidence 
for denitrification. 
During denitrification, isotopic fractionation ofN isotopes results in enrichment of 
lSN in the residual N03-N pool and depletion oflsN in the gaseous products, N2 and/or N20. 
13 
Because of these fractionation processes, natural isotopic tracing can confirm the occurrence 
of denitrification in groundwater. Mariotti et al. (1988) reported a decrease in N03-N 
concentrations in the direction of groundwater flow, as it moved from unconfined to confined 
conditions in a chalk aquifer in England. The downgradient decrease ofN03-N was 
accompanied by an exponential increase in lSN of the residual N03-N. 
In situ measurements of denitrification have also been conducted in unconfined sandy 
aquifers in southern Ontario. A withdrawal-injection-sampling drive point injected with a 
N03-N and Br tracer was used to record the preferential loss ofN03-N relative to Br in an 
aquifer near Rodney, Ontario (Trudell et al. 1986). During the experiment, DO 
concentrations declined prior to the loss ofN03-N, and HC03 concentrations increased as 
N03-N was depleted. An increase in the population of denitrifying bacteria around the 
injection point was also observed during the experiment. Continued investigation at the 
Rodney site, and an additional site, Alliston, indicated differences in denitrifying activity 
related to water table depth (Starr and Gillham 1993). In situ microcosm experiments showed 
denitrification occurring at the site with a shallow water table (Rodney), but not at the deeper 
water table site (Alliston). Laboratory assays of denitrifying activity indicated sufficient 
organic C was available at the Rodney site, however, organic C was lacking at the Alliston 
site. It was concluded that under deeper water table conditions, the greater residence time in 
the unsaturated zone resulted in the complete degradation of organic C, thus denitrification 
could not proceed. 
Mass balance calculations of CO2 and N2 production in the subsurface, natural isotopic 
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tracing, laboratory assays of denitrification, and above-ambient concentrations ofN20 in 
groundwater confinned the presence of denitrification in a sewage-contaminated sand and 
gravel aquifer located on Cape Cod, Massachusetts (Smith and Duff 1988~ Smith et at. 1991). 
Steep vertical geochemical gradients and above-ambient concentrations ofN20 were observed 
in the zone of denitrification. Laboratory assays of denitrifying activity on core material 
confinned that denitrification was occurring in the sediment. Concentrations of dissolved 
inorganic carbon (DIC) and N2 within the contaminant plume two times higher than in 
uncontaminated water and an enrichment in 15N of the residual N03-N provided definitive 
proof of denitrification. 
Purpose and Scope 
Evidence documented elsewhere suggests that denitrification occurs within the till and 
loess aquitard in central Iowa (Simpkins et at. 1993~ Simpkins and Parkin 1993). To 
document the occurrence of denitrification in groundwater, we characterized the Quaternary 
stratigraphy, conducted a preliminary analysis of the groundwater flow systems, and 
determined the temporal and spatial distribution ofN03-N at two piezometer transects within 
the Walnut Creek watershed. We characterized the redox hydrogeochemistry of the 
groundwater in order to identify zones that would be conducive to the persistence and 
transport of N03-N. In addition, the relationship between specific geochemical parameters 
(N03.-N, N20, DO, Cl, and 3H) was investigated, which suggested that denitrification is 
occurring in groundwater. 
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Study Area and Instrumentation 
The Walnut Creek watershed is located within the south central part of the Des 
Moines Lobe, 7 km south of Ames, Iowa (Figure 1). The 5600 ha watershed exists on a 
gently rolling to nearly level till plain with poor natural drainage. Extensive tile drainage 
systems have been installed to drain the area for agricultural use. Ninety-five percent of the 
watershed is used for row crop agriculture- primarily in com and soybean rotation. Soils are 
characterized by the Clarion-Nicollet-Webster association. The geology of the watershed 
consists of a thick sequence of Quaternary deposits overlying Paleozoic bedrock. Quaternary 
sediments, composed predominately of till and loess units, form an aquitard above the 
underlying aquifers (Figure 2). 
The Walnut Creek-Central Transect is located in the central portion of the watershed, 
south of Walnut Creek (Figure 1). We postulated a groundwater flow line to the creek and 
the three well nests, installed at top slope (BT) and mid slope (BM) positions and adjacent to 
Walnut Creek (BC), are aligned along that flow line (Figure 3). The transect contains 26 
piezometers, ranging in depth from 0.6 to 30 m. A 40-m-deep piezometer was installed north 
of Walnut Creek at a private house. This well was designed to investigate the potential for 
vertical transport of CH4 in till. Land use surrounding the Central Transect is predominately 
row crop agriculture. The Central Transect was constructed downgradient from fields 
cropped in continuous com. Nitrogen fertilizer in the form of urea ammonium nitrate (UAN) 
is applied on the cropped fields on an annual basis (Table 1). Cattle also grazes within the 
pasture containing the transect. 
16 
The Walnut Creek-Eastern Transect is located 2 km east of the Central Transect on 
the north side of Walnut Creek. The transect was constructed in a more incised portion of the 
watershed, where Walnut Creek has cut down into Pre-Illinoian till and has developed a 
floodplain. Four well nests were installed at top slope (VF) and midslope (VM) positions and 
on the floodplain adjacent to Walnut Creek (VAN and VAS) along a postulated groundwater 
flow line to the creek (Figure 4). The well nests contain 30 piezometers, which range in depth 
from 0.6 to 30 m. Land use surrounding this transect is also predominately row crop 
agriculture. The field immediately upgradient from the VF nest is cropped in com and 
soybean rotation; com was planted in 1993 and soybeans in 1994. This cropped field receives 
annual applications offertilizers and/or herbicides based on the crop for that year (Table 1). 
The transect was emplaced in pastureland within an animal holding facility. Land use within 
this area is predominately for grazing of various types of animals. The pasture containing the 
VM nest receives a thin application rate of manure three to four times yearly and the pasture 
containing the VAN and VAS nests receives one thin application rate of manure yearly. 
Methods and Materials 
Piezometer Installation 
We constructed the piezometer transects during the Fall of 1993 using the overcore 
Shelby tube method, a non-traditional piezometer installation technique designed to minimize 
perturbation of the microbial environment and to avoid smearing of fractures in the screened 
interval (McKay et al. 1993)(Figure 5). Boreholes were drilled using 11 cm ID hollow stem 
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augers. A continuous core was obtained at the deepest piezometer at most well nests to 
identify the geologic units present. Core samples were retrieved with a 1.5 m long, 7.6' cm ID 
split core barrel and wrapped in plastic wrap and aluminum foil for storage in core boxes. 
Auger flights and core barrels were washed and decontaminated with water of known 
composition between boreholes. No drilling fluids were used. Piezometers were installed by 
augering 1.5 m above the desired piezometer depth, at which point a standard 7.6 cm ID, 
Shelby tube, either 75 or 90 cm in length, was pushed into the screened interval area. The 
sample was retrieved and sealed with paraffin in the Shelby tube. Next, an outward flared (0.3 
cm flare) Shelby tube was sent down the borehole to ream and scrape the original Shelby tube 
hole. The flared Shelby tube was pushed an additional 0.15 to 0.3 m in order to collect the 
scraped cuttings. 
Piezometers consisted of3.2 cm ID, Schedule 40, flush threaded, PVC pipe with 
Timco Deka-Seal threads and O-rings. Factory slotted (0.05 cm slot), flush threaded, 0.76 m 
long Schedule 40 screens were wrapped in nylon geotextile socks prior to installation. The 
socks were used in place of a filter pack. A specially designed 8.9 cm diameter PVC plug was 
attached between the screen and riser pipe. This plug was placed into the top of the Shelby 
tube hole to create a barrier between the screened interval and the bentonite seal. 
Approximately 0.3 to 0.5 m of dried till cuttings were placed above the plug creating an 
additional barrier between the bentonite seal and the screened interval. The cuttings were 
dried on portable propane stoves during the drilling process. Approximately 1 m of bentonite 
pellets or chips was placed above the till cuttings. A bentonite grout mixture was pumped 
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into the remaining annulus with a tremie pipe to the ground surface. Grout was spiked with 
KBr to assess the long term integrity of the well casing. Piezometers were fitted with lockable 
metal casings and cemented in place. 
Six angled (45°) piezometers were installed using the overcored Shelby method at 
each transect. Three angled piezometers were installed 1.5,3, and 4.5 m underneath cropped 
fields at each transect in order to intersect vertical fractures in till. Three were also installed 
1.5, 3, and 9 m below the bottom of Walnut Creek at each site in order to determine hydraulic 
gradients between the creek bed and underlying geologic units. A pumping well was installed 
at each transect site at the upper slope position and downgradient from the other piezometers 
at that nest. Pumping wells consisted of 5 cm ID, Schedule 40, flush-threaded, PVC pipe 
with factory slotted (0.10 cm slot) Timco High Flow well screens that spanned the entire 
oxidized zone of till. A filter pack of well-sorted pea gravel was placed adjacent to and 0.3 m 
above the screened interval. The remainder of the borehole annulus was filled with bentonite. 
Groundwater Monitoring 
Piezometers were developed with an inertial pump or peristaltic pump, and surveyed 
to absolute mean sea level (Appendix A). Ongoing field investigation at the transects includes 
measurement of hydraulic heads at bimonthly to monthly intervals with a precision of ± 0.002 
m using an electronic water-level indicator (Appendix A). Falling- and rising-head slug tests 
were performed and analyzed using the Hvorslev method (Seo and Simpkins 1995). Pumping 
tests will be performed during the Summer of 1995. 
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Groundwater sampling was constrained to piezometers < 14 m in depth. The sampling 
schedule for each parameter is given in Table 2. Standing water in piezometers was purged 
before sampling. Groundwater samples were obtained with a peristaltic pump, filtered with a 
0.45 J.1m filter, and packed in ice in the field. Samples for N03-N and NH4-N were acidified 
with 4.5 N H2S04 in the field and analyzed with a Lachat system. Samples for anions (F, CI, 
Br, HP04 and S04) were analyzed by ion chromatography. Samples for dissolved organic 
carbon (DOC) were acidified with concentrated H3PO 4 and analyzed using persulfate 
oxidation on a carbon analyzer. Samples for cations (Ca, Mg, Na, Fe, Si, Mn, Sr, Ba, Band 
Li) were acidified with 8N RN03 in the field and analyzed by inductively coupled plasma 
(ICP). Temperature and specific conductivity were measured downhole using a YSI TLC 
meter, and pH was determined in the field using a Fisher Accumet electrode. Calibrations 
used buffer solutions (7 and 10) at in situ groundwater temperatures. Alkalinity (mg Lo1 
CaC03) was determined by titration in the field to a pH of 4.5 and converted to an equivalent 
HC03 concentration. Hydrogeochemical data were speciated using the geochemical model, 
WATEQF, within NETPATH (Appendix A)(Plummer et al. 1976; 1991). 
Groundwater was analyzed with respect to dissolved O2, N20, and CH4. Dissolved 
O2 (DO) was determined using a modified Winkler titration for highly oxygenated 
groundwater (> 2 mg Lol). For less oxygenated groundwater, DO concentrations were 
determined by the Rhodazine D colormetric technique (CHEMetrics Incorporated). The DO 
measurements were obtained downhole using a probe that breaks ampules of dye within the 
screened interval of the piezometer (White et al. 1990). Samples were compared to color 
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standards at the surface. Groundwater samples ofN20 and CH4 were obtained with a 
downhole 20 ml syringe sampler attached to a portable vacuum pump. After retrieving the 
syringe sample, the groundwater was injected into evacuated 26.5 ml glass vials with butyl 
stoppers. Vials were packed in ice in the field, then refrigerated at the laboratory. Prior to 
analysis, the vials were warmed to room temperature (25°C), brought to atmospheric pressure 
with He, and shaken. Headspace gas concentrations were analyzed using a split loop gas 
chromatographic system. Nitrous oxide was analyzed using a Shidmadzu GC-Mini 2 gas 
chromatograph (Shidmadzu Scientific Instruments, Inc., Columbia, Maryland) equipped with 
an electron capture detector. Methane was analyzed with a Tracor 540 gas chromatograph 
(Tracor Instruments, Austin, Texas) equipped with a flame ionization detector. Peak areas 
were compared to N20 and CH4 standards prepared from commercial gas mixtures (Scotty 
Specialty Gases, Troy, Michigan) to determine gas concentrations in the gas phase. The 
Bunsen coefficient relationship was used to determined the dissolved gas concentrations in 
groundwater. 
Groundwater samples for 3H and enriched 3H analyses were collected in polyethylene 
bottles, packed in ice, and analyzed at the Environmental Isotope Laboratory (ElL) at the 
University of Waterloo. Activities of3H were determined by direct liquid scintillation 
counting and activities of enriched 3H were determined by electrolytic enrichment. Activities 
were expressed in tritium units (TU), where 1 TU is equal to 1 3H atom per 1018 hydrogen 
eH) atoms. The quantitation limit for 3H and enriched 3H was < 6 TU and < 0.8 TU, 
respectively. 
Results and Discussion 
Walnut Creek- Central Transect 
Geology and Hydrogeology 
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The geology at the Central Transect is similar to Pleistocene stratigraphy typically 
encountered in central Iowa (Figure 3). The surficial unit is till of the Dows Formation (Alden 
Member), which was deposited by advances of Des Moines Lobe ice during late Wisconsinan 
time (14,000 to 12,000 years B.P.). At the Central Transect, 3 to 4 m of oxidized 
(weathered) till overlies 14 m of un oxidized (unweathered) till. The oxidized till is light olive 
brown (2.5Y 5/3), calcareous, and contains numerous sedimentary pebbles. It also contains 
abundant rootholes and subvertical fractures exhibiting gray, iron-depleted zones or iron oxide 
coatings. There is a sharp transition zone « 0.5 m) between the oxidized and unoxidized till. 
It consists ofa dark yellowish brown (lOYR 4/6) horizontal iron oxide band (10 cm) 
overlying approximately 30 cm of gleyed, dark greenish gray (5G 4/1) till. The un oxidized till 
below is dark gray (2.5 Y 4/0), calcareous, and also contains pebbles. Only iron-oxide coated 
fractures are present in this part of the unit, but their density is less than that in oxidized till. 
Wisconsinan loess (peoria loess) occurs below late Wisconsinan till. This unit overlies 
most of the Pre-Illinoian till throughout Iowa and was deposited 17,000 to 14,000 years B.P., 
prior to the advance of the Des Moines Lobe (prior 1991). It is typically dark gray (2.5Y 
4/0), unoxidized or reduced, calcareous silt and clay of eolian origin, but locally is extensively 
reworked. At the Central Transect, it consists predominately of silt, but also includes sand, 
pebbles, and block inclusions of un oxidized late Wisconsinan and Pre-Illinoian till. This unit is 
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more accurately described as a diamicton, and its thickness is approximately 3 m. Portions of 
this loess exhibit a gleyed appearance (SG 4/1) and contains organic horizons (paleosols) and 
terrestrial snail shells. Wood and disseminated organic material are present in this unit and at 
the base oflate Wisconsinan till, due to the incorporation of organic matter as the Des Moines 
Lobe ice advanced over a spruce forest and wetlands established on loess soils (Simpkins and 
Parkin 1993). Because of its texture, Wisconsinan loess at the Central Transect is interpreted 
to be a reworked loess, probably resedimented during slope movement prior to the advance of 
the Des Moines Lobe. 
The oldest unit in the Central Transect is the Yarmouth-Sangamon paleosol, a laterally 
extensive buried soil that occurs throughout the Midwest. The soil was developed during the 
Yarmouth-Sangamon interglacial periods primarily in paleo-upland positions on the exposed 
Pre-Illinoian till surface in Iowa (prior 1991). Recent work has shown it to be a complex 
polygenetic soil developed in multiple parent materials: Pre-Illinoian till, loess, reworked 
loess, and colluvium (Woida and Thompson 1993). Because diagenetic and biological 
processes have obliterated individual horizons, the paleosol is generally characterized as a 
thick, grayish brown clay (gumbotil). It is approximately 10m thick at the Central Transect. 
One A horizon consists ofa black (2.SY 2/0) organic-rich horizon that is leached of 
carbonate. Remnants of organic horizons, evidenced by alternating gray (2.SY S/O) and light 
olive brown (2.SY S/3) zones, occur within the paleosol. However, the majority of the 
paleosol consists of a gray to dark gray (2.SY 5/0 to 4/0) clayey B horizon(s), leached of 
carbonate and exhibiting a blocky texture. Krotovinas (filled animal burrows), root holes, and 
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iron mottling are also observed. 
Depths to the water table averaged 3.0 m below the ground surface during the study, 
with a minimum and maximum depth of 0.9 m and 3.7 m, respectively (Appendix A). 
Although it was assumed that the late Wisconsinan transition zone was the lowermost point of 
seasonal water table fluctuations, the water table dropped into unoxidized late Wisconsinan till 
during the Fall of 1994. Hydraulic heads indicated a strong lateral component offlow 
throughout the late Wisconsinan till. No vertical hydraulic gradients were observed at the BT 
nest, except after large recharge events (spring snow melt). An average downward (vertical) 
hydraulic gradient of 0.04 was observed at the BM nest, induced by the decline of surface 
elevation at that point. An average horizontal hydraulic gradient of 0.06 at the water table 
was observed from the BT to BC nests and a consistent, upward (vertical) hydraulic gradient 
of 0.40 was observed from the BC nest into Walnut Creek. 
Estimates of hydraulic conductivity (K) show a significant permeability difference 
between oxidized and unoxidized late Wisconsinan till. Preliminary estimates of the geometric 
means for oxidized till and unoxidized till are 3 x 10-6 m S-l and 9 x 10-9 m S-l, respectively 
(Seo and Simpkins 1995). Wisconsinan loess has a similar K value (2 x 10-9 m Sol) to that of 
unoxidized late Wisconsinan till. Water levels from piezometers installed in the Yarmouth-
Sangamon paleosol have yet to achieve static equilibrium, but extrapolation of recovery 
curves suggests that K approaches 10-11 m sol. 
The product of hydraulic gradient and hydraulic conductivity is used to estimate 
groundwater flux based on Darcy's Law. Darcy's Law is given by: 
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q = - Ki 
where: q = specific discharge (discharge per unit area) 
K = hydraulic conductivity 
i = hydraulic gradient 
Groundwater only moves through pore spaces available for flow in a geologic unit. Thus, the 
modification of Darcy's Law by dividing specific discharge by the effective porosity of the 
geologic unit gives an estimate of the true velocity of groundwater (Fetter 1988). This 
velocity is properly termed average linear velocity and is given by: 
K. 
v =-1 
x 
where: Vx = average linear velocity 
Dc = effective porosity 
Estimates ofverticaI average linear velocities in oxidized late Wisconsinan till at the BT and 
BM were determined using a Dc range of 0.25 for the till matrix and 0.01 for fractured till. 
Low fracture porosities (3 x 10's to 1 x 10.2) commonly occur in fractured and oxidized till 
(McKayet aI. 1993). Average linear velocities (vertical) ranged from 2 to 15 m yr· l using a 
hydraulic gradient of 0.005 at the BT nest. Average linear velocities (vertical) ranged from 15 
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to 378 m yr-l at the BM nest due to the higher hydraulic gradient (0.04). 
Based on hydraulic head measurements and K values, we conclude that most 
groundwater is conducted laterally along the water table in oxidized late Wisconsinan till and 
discharges into Walnut Creek. When the water table is high, groundwater also discharges to 
perennial springs located at the bottom of the slope coincident with the contact between late 
Wisconsinan till and Holocene alluvium (Figure 3). Assuming some vertical transport in the 
till profile (possibly during major recharge events), average linear velocities indicate enough 
time has elapsed for modem recharge water to reach the unoxidized late Wisconsinan till. 
Redox Hydrogeochemistry 
Similarto the findings of previous studies in central Iowa (Simpkins and Parkin 1993), 
two distinct hydrochemical zones of groundwater were present at the Central Transect. 
Groundwater within 4 m of the ground surface was characterized by the presence of 
dissolved oxygen (DO) and N03-N, but NH4-N concentrations below detection limit (Table 
3). Tritium activities ranged from approximately 10 to 16 TU. Low water levels in the Fall of 
1994 prevented sampling for dissolved Fe. However, due to the presence ofN03-N and DO, 
dissolved Fe concentrations were probably near the detection limit. Concentrations of S04 
were consistent between the well nests, ~anging from 20 to 25 mg L- l . 
Groundwater that occurred> 4 m below the ground surface was characterized by 
N03-N below detection limit, low DO concentrations (0 to 0.30 mg L-l ), and NH4-N 
concentrations that increased with depth (Table 3). Tritium activities were below quantitation 
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limit. Although only a few samples for dissolved Fe were collected below 4 m, preliminary 
results showed high concentrations (up to 13 mg Lot) that appeared to increase with depth. 
Concentrations ofS04 were high at 4 m, but decreased with depth (Table 3). The high-
carbon units (i.e., Wisconsinan loess) present at the Central Transect have produced an 
extremely reducing environment in groundwater. DOC concentrations were unusually high 
and ranged from 9.2 mg L"t at 4.8 m to 88.3 mg Lot at 30.7 m at the BT nest. CH4 
concentrations up to 40 mg Lot were observed. 
The redox hydrogeochemistry of the groundwater markedly affects the persistence of 
N03-N in the subsurface. Groundwater within 4 m of the ground surface was recharged by 
post-1953 water and contains elevated concentrations ofN03-N. Here, DO is the preferred 
electron acceptor for microorganisms oxidizing organic C for energy, thus N03-N is 
transported within this zone. Because groundwater> 4 m in depth was recharged prior to 
1953, it does not contain contaminants from modem agricultural activities. However, ifN03-
N were transported to these depths, biogeochemical processes in the aquitard would eliminate 
N03-N. This groundwater is characterized by low redox potentials, where reduction ofMn, 
Fe, and S04 and methanogenesis are actively occurring. N03-N, an electron acceptor that 
utilizes organic C at much higher redox potentials, would be rapidly reduced in this 
environment. 
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Denitrification 
As suggested in the previous section, the redox geochemistry of groundwater is 
related to the spatial distribution ofN03-N, both of which are controlled by the glacial 
stratigraphy. Concentrations ofN03-N above detection limit were found within oxidized late 
Wisconsinan till at the BT and BM nests (Table 4). Nitrate-nitrogen was not detected at the 
BC nest, possibly due to the absence of oxidized late Wisconsinan till near Walnut Creek. As 
N03-N concentrations approached the detection limit with depth, NH4-N concentrations 
increased. A maximum NH4-N concentration of 6.7 mg L-1 was observed in groundwater 
obtained from a piezometer installed in Wisconsinan loess. Concentrations ofN03-N and 
NH4-N at the Central Transect were relatively stable during the study (Table 4). Low water 
levels during the latter part of 1994 prevented a seasonal comparison. 
The hydrochemical data showed the disappearance ofN03-N with depth. At the BT 
nest, the N03-N concentration was l3.8 mg L-1 at a depth of2.7 m, but below detection limit 
at 4.8 m (Figure 6). Concentrations ofN03-N also decreased downgradient along a 
groundwater flow path, from> 1 0 mg L-1 at the BT nest to about 1 mg L-1 and below 
detection limit at the BM and BC nests, respectively (Table 3). However, concentration data 
alone does not confirm that denitrification is occurring. The disappearance ofN03-N 
vertically within a profile or downgradient along a groundwater flow path could be the result 
of sampling groundwater from two separate flow systems or the dilution ofN03-N by the 
mixing of different aged groundwaters (Howard 1985). 
The preferential loss ofN03-N relative to other constituents in groundwater suggests 
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that nitrate reduction processes, such as denitrification, are actively occurring in groundwater. 
Agricultural fertilizers are probably the major source of elevated concentrations ofN03-N and 
CI in shallow groundwater within the Walnut Creek watershed. Chloride is a conservative 
ion, thus the decrease in N03-N concentrations relative to stable or increasing CI 
concentrations suggests the occurrence of denitrification. For example, the disappearance of 
N03-N with depth at the BT nest was associated with an increase in CI concentrations (Figure 
6 and 7). Elevated CI concentrations and an absence ofN03-N within the upper 3 m were 
observed at the BC nest. Assuming vertical loading ofN03-N within the recharge area and 
lateral components of groundwater flow from the recharge area, this suggests that the 
preferential loss ofN03-N is also occurring downgradient along a groundwater flow path to 
Walnut Creek. 
Atmospherically-derived tracers, such as 3H, not only estimate the age of groundwater, 
but suggest of the extent of fertilizer affected groundwater. Groundwater with 3H activities 
above the quantitation limit should contain N03-N, if it were a conservative ion. 
Groundwater contains 3H to depths of2.7 and 4.8 m at the BC and BT nests, respectively 
(Figure 6). However, N03-N is absent at these depths. The 3H data corresponds with the CI 
data, again indicating that denitrification occurs both vertically within the profile and 
downgradient along groundwater flow paths. 
The presence of above-ambient concentrations ofN20 in groundwater strongly 
suggests that denitrification is the process by which N03-N is reduced. At the Central 
Transect, NzO concentrations ranged from < 0.30 to 85.9 Ilg L-1 « 0.007 to 1.95 Ilmol L-1) 
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throughout the study. Based on solubility calculations using the Bunsen coefficient for N20 
(0.544 mI gas mI-l water), groundwater is not saturated with respect to N20. However, N20 
concentrations are up to 300 times greater than if groundwater were in full contact and 
allowed to equilibrate with ambient air. 
The zone containing N20 coincides with the zone of elevated N03-N concentrations 
within oxidized late Wisconsinan till (Figure 6). Concentrations ofN20 increase as 
concentrations of DO decrease, and N20 appears to reach maximum concentrations above the 
boundary between oxidized and unoxidized till. Theoretically, denitrification should not occur 
until DO has been depleted by microorganisms, but in our profiles both DO and N20 occur 
within the same interval. Surprisingly, substantial N20 concentrations (2 to 9 jlg L-l ) were 
observed within 1.5 m of the ground surface in groundwater that was recharged in the Spring 
of 1995 (Appendix A). Although the presence ofN20 strongly suggests that denitrification is 
occurring, it does not indicate where in the groundwater system it occurs. Further study is 
needed to investigate the relationship between the depths where peak N20 concentrations 
occur and the oxidizedlunoxidized boundaries. 
Walnut Creek- Eastern Transect 
Geology and Hydrogeology 
The geology at the Walnut Creek-Eastern Transect is substantially different than that 
found at the Central Transect. The most noticeable difference is the predominance of Pre-
Illinoian till within the profile, and a greater thickness of the oxidized zone at the ground 
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surface. Pre-Illinoian till is the thickest (lOOm) till unit in the Walnut Creek watershed. It 
probably consists of several undifferentiated till units greater than 500,000 years old (Hallberg 
1986) and is the predominant till unit outside the extent of the Des Moines Lobe (Prior 1991). 
Particle size analyses for unoxidized Pre-Illinoian till yielded an average of 36% sand, 39% 
silt, and 25% clay at a site 1 km northwest of the watershed (Simpkins and Parkin 1993). At 
the VF nest, approximately 3 m of oxidized late Wisconsinan till overlies oxidized and 
unoxidized Pre-Illinoian till. Oxidized Pre-Illinoian till is yellowish brown (10YR 5/4), 
leached of carbonate, and contains abundant iron-coatedliron-depleted fractures and sand 
units. The thickness of oxidized till is approximately 3.5 m. A thick transition zone (3 to 4 m) 
occurs between the oxidized and unoxidized till. It is characterized by oxidized and 
unoxidized sand units, alternating iron-coated and iron-depleted fracture zones, and the 
presence of iron mottling and manganese dendrites. The unoxidized till is very dark gray 
(2.5Y 3/0), leached of carbonate, and contains fine-grained, unoxidized sand units. 
Unoxidized Pre-Illinoian till can be differentiated from unoxidized late Wisconsinan till by its 
finer-grained texture, fewer pebbles, and greater bulk density. A continuous core sample was 
not taken at the VM nest. However, drill cuttings and Shelby tube samples indicate that 
approximately 8 m of Wisconsinan loess and a paleosol (probably the Yarmouth-Sangamon) 
separates the late Wisconsinan and Pre-Illinoian units. 
The VAN and VAS nests were constructed on the floodplain adjacent to Walnut 
Creek. Four piezometers at the VAN nest were installed in a thick (8 m) sequence of alluvium 
and colluvium, which filled in a pre-existing drainageway incised into unoxidized Pre-Illinoian 
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till during the Holocene. The base of the alluvial sequence consists of a gravel lag deposit 
composed primarily of pebble- and cobble-sized clasts. It is probably similar to that found in 
the Buchanan drainage, 2.5 km north and east of the Walnut Creek watershed (Van Nest and 
Bettis 1990). The lag deposit is overlain by loamy textured alluvium interbedded with sand 
units. The sand units vary from coarse-grained and oxidized (2.5 Y 6/4) to fine-grained and 
gleyed (5GY 5/1). Buried colluvial sediments, closely resembling Pleistocene till and loess 
units, are intermixed within the alluvial sediment. These may represent slopewash sediment 
from the valley walls (Van Nest and Bettis 1990). Approximately 3 m of very dark gray 
(2.5Y 3/0) to gleyed (5G 4/1), fine-grained alluvium overlies unoxidized Pre-Illinoian till at 
the VAS nest. 
Water table elevations and hydraulic head gradients at the Eastern Transect were 
similar to those at the Central Transect. Depths to the water table averaged 2.9 m, with 
minimum and maximum depths of 1.6 and 4.0 m, respectively (Appendix A). Lateral 
components of hydraulic gradient were observed in the oxidized zones of till at the VF nest. 
An average downward (vertical) hydraulic gradient ofO.OS occurred through the Pre-Illinoian 
transition and unoxidized till. The average downward (vertical) hydraulic gradients of 0.35 
observed at the VM nest were higher than that at the BM nest, possibly due to the greater 
drop in elevation to the alluvium at the Eastern Transect. Slight downward gradients (0.01) 
occurred in Holocene alluvium. An average horizontal hydraulic gradient of 0.03 was 
observed at the water table from the VF to VAS well nests. 
Hydraulic conductivity (K) values are similar in late Wisconsinan and Pre-Illinoian 
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oxidized till units, 3 x 10-6 m sol and 3 x 10-7 m S-l, respectively (Seo and Simpkins 1995). In 
contrast, unoxidized Pre-Illinoian till has a K value of approximately 10-11 m sol. K values for 
Holocene alluvium were not determined. Average linear velocities (vertical) for oxidized Pre-
Illinoian till ranged from 0.4 to 9 m yr-l using a hydraulic gradient of 0.01 and nc of 0.25 and 
0.01. 
As at the Central Transect, groundwater is conducted laterally in the oxidized units at 
higher elevations. Groundwater moving at the water table may eventually reach the alluvium 
and may move southward along the axis of the pre-existing drainageway. At the VAN nest, a 
3H activity of 16 TV was observed at 7.1 m, but an activity of < 6 TV was observed at 3.8 m 
(Table 5). This suggests that the lag deposit in the alluvial sequence was recharged laterally. 
Vertical average linear velocities of groundwater indicate that modern recharge water has 
probably infiltrated the entire oxidized zone of till at the VF nest and reached unoxidized late 
Wisconsinan till at the VM nest. In contrast to the Central Transect, the presence of relatively 
impermeable Pre-Illinoian till at Walnut Creek probably restricts groundwater contribution to 
the creek. 
Redox Hydrogeochemistry 
Two hydrochemical zones of groundwater were also present at the Eastern Transect. 
Groundwater within 8 m of the ground surface was characterized by the presence ofN03-N 
and DO (0.30 to 8.16 mg L-l) and tritium activities above quantitation limit (Table 5). Low 
dissolved Fe concentrations and NH4-N concentrations below detection limit were observed. 
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Concentrations ofS04 ranged from 13.4 to 248.3 mg L-l . 
Groundwater> 8 m below the ground surface was characterized by concentrations of 
N03-N below detection limit, low concentrations of DO (0 to 0.25 mg L-l ), and tritium 
activities below quantitation limit (Table 5). Concentrations ofNH4-N and Fe increased with 
depth, and maximum concentrations were 4.2 and 11 mg L- l , respectively. Concentrations of 
S04 were higher at the Eastern Transect and ranged from approximately 200 to 1500 mg L- l . 
Concentrations of DOC ranged from 2.7 to 16.4 mg L-l , and concentrations ofCH4 up to 0.04 
mg L- l were observed. Due to the lack of high carbon units at the Eastern Transect, deeper 
groundwater (> 8 m) is less reducing than deeper groundwater (> 4 m) at the Central 
Transect. 
Denitrification 
Because of the greater thickness of oxidized sediments at the ground surface, N03-N 
contamination should extend deeper into the subsurface. Concentrations ofN03-N within the 
oxidized zone ranged from < 0.1 to 36.2 mg L- l and are related to land use within the Eastern 
Transect area (Table 6). Concentrations ofN03-N ranging from about 15 to 35 mg L-l were 
observed at the VM nest, which is located in an area of several potential contributors ofN03-
N. The VM nest receives discharge from animal lots located upgradient from the nest. In 
addition, the pasture containing the nest receives several applications of manure yearly and 
cattle graze within this pasture. A combination of these factors probably results in the high 
concentrations ofN03-N. Concentrations ofNH4-N ranged from < 0.1 mg L-
l in most 
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oxidized sediment to up to 4 mg L-l in unoxidized Pre-Illinoian till. Concentrations ofN03-N 
and NH4-N at the Eastern Transect were also relatively stable during the time period studied 
(Table 6). Concentrations ofN03-N fluctuated more than concentrations OfNH4-N, however, 
no consistent seasonal pattern was observed. 
The reduction ofN03-N concentrations relative to other constituents in groundwater 
was noted at the floodplain along Walnut Creek at the Eastern Transect. Low concentrations 
ofN03-N and elevated concentrations ofCI were observed at the VAN nest. The preferential 
loss ofN03-N relative to both 3H and Cl was also observed at the VAS nest (Figure 9). 
Evidence of the preferential loss ofN03-N at the top slope and mid slope positions was less 
conclusive (Figure 7 and 8). Concentrations ofN03-N mirror both Cl and 3H at the VF nest 
(Figure 8). At the VM nest, a preferential loss ofN03-N relative to Cl was observed, 
however, 3H activities mirrored the N03-N concentrations. Because Cl concentrations (165 
to 170 mg L-l ) were substantially higher than background concentrations in Wisconsinan loess 
(2 to 5 mg L- l ), denitrification was probably occurring there. 
Because of the deeper penetration ofN03-N containing groundwater and a more 
complex flow system at the Eastern Transect, the preferential loss ofN03-N with depth was 
not as apparent as that at the Central Transect (Figure 7). Denitrification at the VF nest 
occurs deeper in the profile, where the piezometer screened intervals are 3 m apart. Because 
of the greater vertical distance between sampling points, the major zone of denitrification may 
have been missed. 
Concentrations ofN20 were substantially higher at the Eastern Transect and ranged 
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from < 0.30 to 220 Jig L-t « 0.007 to 4.995 JImol L-t). According to solubility calculations 
using the Bunsen coefficient, this groundwater was also not saturated with N20. However, 
concentrations were up to 700 times the concentrations expected if ambient air was in contact 
with groundwater. The zone of elevated N20 coincided with the zone of elevated N03-N 
concentrations within oxidized sediments. Similar to the Central Transect, N20 reached 
maximum concentrations above the boundaries between oxidized and unoxidized units 
(Figures 8 and 9). The exception to this is the VF nest, where N20 concentrations peaked 
within the oxidized zone of till, below the boundary between oxidized late Wisconsinan and 
Pre-Illinoian till. At this transect N20 concentrations typically mirrored DO concentrations. 
The higher concentrations ofN20 present at this transect may be attributed to the more 
oxygenated environment. Focht (1974) reported that low DO concentrations decrease the 
overall rate of denitrification in laboratory experiments, but caused a larger mole fraction of 
N 20 in the products. 
Conclusions 
Results indicated that N03-N contamination of groundwater occurred at both 
transects. The depth ofN03-N penetration corresponded to the depth of oxidized units below 
the ground surface. Groundwater within this oxidizing environment allowed N03-N to be 
transported. In contrast, low redox potentials in groundwater within unoxidized units allowed 
N03-N to be rapidly reduced. Above-ambient concentrations ofN20 and preferential loss of 
NOrN relative to CI and 3H in groundwater strongly suggest that denitrification occurs in 
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groundwater. Concentrations ofN20 typically peaked near the boundary between oxidized 
and unoxidized units at both transects, which suggests that denitrification occurs at this 
boundary. However, elevated N 20 concentrations were detected well above this boundary « 
2 m) after large recharge events. Further investigation is needed to determine whether N03-N 
is denitrified only near these boundaries or throughout the till profile. Additional research on 
the transport ofN20 within groundwater is also needed. Contrary to what has been observed 
in sand and gravel aquifers (Smith et al. 1991), we observed high DO and N03-N 
concentrations where N20 concentrations peaked. Limitations in piezometer installations 
within finer-grained aquitards prevented the exact delineation of specific redox zones. Further 
investigation using smaller sampling distances between screened intervals of piezometers 
would aid in this delineation. 
This study has important implications for assessing the risk of groundwater 
contamination in drinking water aquifers in the Walnut Creek watershed. The hydrogeology 
and hydrogeochemistry of the aquitard prevent N03-N contamination of deep aquifers. In the 
shallow subsurface, denitrification appears to reduce N03-N concentrations vertically within a 
profile and downgradient along a groundwater flow path before it discharges to Walnut 
Creek. However, tile drainage systems, located above the presumed zone of denitrification, 
discharge groundwater high in N03-N into Walnut Creek without the benefit of the 
denitrification processes. As Walnut Creek exits the watershed, it recharges an alluvial aquifer 
with this high N03-N water. This alluvial aquifer is a potential source of drinking water for 
communities in the surrounding area. 
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Table 1. Fertilizer and pestcide applications upgadient of piezometer nests. 
Site Crop Date Fertilizer or Application Applied as 
Pesticide Type Rate 
Walnut com 1993 VAN 60lbs/ac 28% liquid 
Creek-
West atrazine 1lb/ac broadcast 
Transect 
metolachlor 3 ptlac broadcast 
com 1994 VAN 100lb/ac 28% liquid 
metolachlor 1 qtlac banded 
2-4D 0.5 ptlac broadcast 
dicamba 0.5 pt/ac broadcast 
pasture 1993 N 0.9lb/ac 32% liquid 
2-4D 0.5 ptlac sprayed 
dicamba 0.5 ptlac sprayed 
Walnut com 1993 anhydrous 1251b/ac broadcast 
Creek- ammoma 
East 
Transect metolachlor 2.5 pt/ac banded 
soybean 1994 trifluralin 1 qtlac broadcast 
imazethapyr 40zlac broadcast 
DAN denotes urea ammonium nitrate. 
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Table 2. Groundwater sampling schedule. 
Sept/Oct Jan March April June July Nov April May 
1993 1994 1994 1994 1994 1994 1994 1995 1995 
Cations ..[ 
Anions ,f ,f ,f ,f 
N03-NINH4-N ,f ,f ,f ,f ,f ,f 
Pesticides ,f 
Gases ,f ,f ,f ,f ,f ..[ ,f 
DOC ,f 
Tritium ,f 
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Table 3. Summary of geochemical analyses for the Walnut Creek- Central Transect. 
Concentrations are in mg L"l. 
Piezometer Depth 3H pH HC03 Diss. N03·N NH4·N Diss. S04 CH4 DOC 
(m) (TV) O2 Fe 
BT·5 1.4 16 
BT·I0 2.7 9.7 ... 11.1 <0.1 0.002 
BPW·12 3.0 5.99 13.8 <0.1 21.2 0.2 8.1 
BT·15 4.8 8.6 7.50 437 0.30 <0.1 <0.1 1.21 203.6 3.0 9.2 
BT·25 7.3 <0.8 7.80 439 0.20 <0.1 <0.1 1.37 0.8 9.1 11.2 
BT·50 15.3 0.09 <0.1 2.0 4.3 21.0 27.1 
BT·75 23.4 0.00 <0.1 6.7 31.4 58.8 
BT-100 30.7 0.00 <0.1 3.5 40.5 88.3 
BT-5A 1.1 
BT-I0A 2.8 8.6 7.60 7.64 14.4 1.0 21.1 6.3 
BT-15A 4.7 13.9 ... 439 0.70 <0.1 <0.1 0.02 1.3 0.500 10.3 
BM-5 1.2 12 11.49 1.3 <0.1 23.2 9.1 
BM-1O 1.7 8.30 1.2 <0.1 23.6 0.02 11.8 
BM-15 4.2 <6 7.50 455 0.15 <0.1 <0.1 1.97 244.1 3.5 12.8 
BM-25 7.3 <6 7.70 481 0.02 <0.1 <0.1 2.37 57.1 8.7 19.9 
BM-40 11.8 0.09 <0.1 1.5 1.2 14.4 22.2 
BM-60 18.7 0.02 15.0 73.7 
BC-5 1.1 11 7.10 0.20 <0.1 <0.1 23.4 12.4 
BC-I0 2.7 15 7.25 795 0.20 <0.1 4.3 2.48 839.0 0.07 33.7 
BC-15 5.1 <6 7.25 811 0.02 <0.1 3.4 10.48 38.2 6.6 63.7 
BC-25 8.2 <6 795 0.03 <0.1 4.7 13.61 1.7 18.2 61.7 
BC-40 12.7 0.20 9.3 29.4 
BC-5A 2.8 8 7.10 821 0.20 <0.1 <0.1 0.98 241.7 0.9 40.9 
BC-15A 5.9 <6 7.20 824 0.03 <0.1 4.2 11.90 143.0 15.9 48.6 
BC-30A 10.3 <6 0.03 <0.1 5.9 180.3 13.0 44.1 
HC03, pH, and dissolved Fe were sampled in November 1994. 3H was sampled in July of 1994. 
The remaining parameters were sampled in April of 1994. DOC denotes dissolved organic carbon. 
TU denotes tritium units. DO denotes dissolved oxygen. 
Diss. denotes dissolved. . .. denotes not determined. 
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Table 4. Temporal and spatial variation in N03-N and NH4-N concentrations at the 
Walnut Creek- Central Transect. Concentrations in mg L-l . 
Sep.lOct. April June July November April 
Piezometer 1993* 1994 1994 1994 1994 1995 
N03-N N03-N NH.-N N03-N NH.-N N03-N NH.-N N03-N NH.-N N03-N NH.-N 
BI-5 13.8 ... ... ... ... . .. ... ... . .. 4.6 <0.1 
BI-10 15.2 ILl <0.1 9.6 <0.1 13.5 0.1 ... ... 8.8 <0.1 
BPW-12 ... 13.8 <0.1 ... ... 17.8 <0.1 ... . .. ... . .. 
BI-15 <0.1 <0.1 <0.1 ... . .. <0.1 0.4 <0.1 <0.1 <0.1 <0.1 
BI-25 <0.1 <0.1 <0.1 ... ... <0.1 0.4 <0.1 <0.1 . .. ... 
BI-50 ... <0.1 2.0 ... ... . .. ... ... ... ... . .. 
BI-75 ... <0.1 6.7 ... ... ... ... ... ... ... . .. 
BI-loo ... <0.1 3.5 ... ... ... ... ... ... ... . .. 
BI-5A 13.3 ... . .. ... ... . .. ... ... . .. <0.1 <0.1 
BI-IOA ... 14.4 1.0 14.0 <0.1 17.2 <0.1 ... . .. ILl <0.1 
BI-15A 0.1 <0.1 <0.1 ... ... <0.1 0.1 <0.1 <0.1 <0.1 <0.1 
BM-5 0.2 1.3 <0.1 ... ... ... . .. ... . .. ... . .. 
BM-lO 0.5 1.2 <0.1 1.7 <0.1 ... ... ... ... ... . .. 
BM-15 <0.1 <0.1 <0.1 ... ... 0.2 0.3 <0.1 <0.1 ... . .. 
BM-25 <0.1 <0.1 <0.1 ... ... <0.1 0.7 <0.1 <0.1 ... ... 
BM-40 <0.1 <0.1 1.5 ... ... ... ... ... ... ... . .. 
BM-60 ... ... . .. ... ... . .. ... ... . .. ... . .. 
BC-5 <0.1 <0.1 <0.1 <0.1 <0.1 ... ... ... ... ... . .. 
BC-lO ... <0.1 4.3 ... ... 0.2 1.2 <0.1 1.7 ... ... 
BC-15 <0.1 <0.1 3.4 ... ... 0.1 2.3 <0.1 2.8 ... . .. 
BC-25 0.1 <0.1 4.7 ... ... <0.1 2.9 <0.1 3.2 ... . .. 
BC-40 <0.1 ... . .. ... ... . .. ... ... ... . .. . .. 
BC-5A 0.7 <0.1 <0.1 ... ... <0.1 1.8 <0.1 1.8 ... . .. 
BC-15A 0.1 <0.1 4.2 ... ... 0.2 3.2 <0.1 3.2 ... . .. 
BC-30A 0.4 <0.1 5.9 ... ... <0.1 4.0 ... ... . .. . .. 
Walnut 
7.3 Creek ... . .. ... ... . .. 
... ... ... ... . .. 
*NH.-N not determined for this data. . .. denotes not determmed. 
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Table 5. Summary of geochemical analyses at the Walnut Creek- Eastern Transect. 
Concentrations in mg L-1. Sampling period same as in Table 3. 
Piezometer Depth 3H pH HC03 Diss. N03-N NH4-N Diss. S04 CH4 DOC 
(m) (TU) O2 Fe 
VF-5 1.2 11 <0.1 <0.1 l3.4 <0.001 
VF-lO 2.8 12.7 7.50 370 8.16 2.8 <0.1 0.01 46.0 <0.001 2.0 
VF-15 4.3 11.6 7.40 433 0.90 4.7 <0.1 0.01 54.4 0.002 2.6 
VF-25 7.2 5.4 7.20 365 0.94 1.0 <0.1 0.00 35.3 0.004 2.2 
VF-35 11.1 <0.8 7.30 476 0.25 <0.1 <0.1 0.75 203.7 0.002 2.7 
VF-50 14.8 0.15 <0.1 <0.1 327.1 0.005 8.2 
VF-75 22.5 0.00 0.016 6.1 
VF-I00 30.8 0.08 0.040 6.7 
VF-5A 1.2 15 <0.1 <0.1 16.5 <0.001 2.7 
VF-lOA 2.8 13.6 3.88 2.7 <0.1 43.4 <0.001 2.8 
VF-15A 4.2 13.8 7.60 421 0.75 1.1 <0.1 0.01 88.7 0.004 4.1 
VM-5 1.1 
VM-IO 2.7 7.25 641 3.00 20.2 <0.1 0.03 136.3 <0.001 5.3 
VM-15 4.2 19.4 7.30 608 1.00 34.2 <0.1 0.02 248.3 <0.001 8.3 
VM-25 7.3 <0.8 7.40 411 0.25 <0.1 <0.1 7.13 25.5 0.102 4.5 
VM-50 14.8 0.06 <0.1 <0.1 29.6 0.020 3.3 
VM-75 22.5 0.10 0.033 
VAN-5 1.2 
VAN-IO 2.4 3.70 <0.1 <0.1 52.5 <0.001 4.4 
VAN-15 3.8 <6 7.15 479 0.30 <0.1 <0.1 0.00 70.9 0.002 6.3 
VAN-25 7.1 16 7.45 476 0.45 <0.1 <0.1 0.02 61.0 0.002 4.1 
VAN-50 15.7 0.04 <0.1 3.4 213.8 0.043 7.7 
VAS-5 1.2 
VAS-IO 2.4 12 6.90 609 0.76 <0.1 <0.1 0.05 18.3 0.020 7.3 
VAS-15 4.0 15 7.05 609 0.15 <0.1 <0.1 8.33 62.8 <0.001 8.4 
VAS-25 7.4 <6 7.30 437 0.08 1.2 <0.1 590.2 0.004 7.9 
VAS-50 15.7 0.07 <0.1 4.1 381.6 0.029 5.2 
VAS-5A 3.7 12 6.85 586 0.090 <0.1 <0.1 0.45 1530.8 0.006 7.5 
VAS-15A 9.4 11 7.05 672 0.020 <0.1 2.0 11.05 1231.9 0.011 7.5 
VAS-30A 13.0 <6 ... 0.000 <0.1 4.2 1287.1 0.022 16.4 
DOC denotes dissolved organic carbon. TV denotes tritiwn tmits. 
DO denotes dissolved oxygen Diss. denotes dissolved . 
... denotes not determined. 
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Table 6. Temporal and spatial variation in N03-N and NH4-N concentrations at the 
Walnut Creek- Eastern Transect. Concentrations in mg L-1. 
Sep./Oct. April June July November 
Piezometer 1993* 1994 1994 1994 1995 
N03-N N03-N NH4-N N03-N NH4-N N03-N NH4-N N03-N NH4-N 
VF-S <0.1 <0.1 <0.1 ... ... ... ... . .. . .. 
VF-10 <0.1 2.8 <0.1 1.2 <0.1 3.2 0.3 4.7 <0.1 
VF-1S 0.4 4.7 <0.1 ... . .. 9.1 0.1 7.8 <0.1 
VF-25 2.6 1.0 <0.1 ... ... 1.9 0.2 4.7 <0.1 
VF-3S <0.1 <0.1 <0.1 ... ... <0.1 0.4 <0.1 <0.1 
VF-50 <0.1 <0.1 <0.1 ... ... ... ... . .. . .. 
VF-75 ... ... ... ... ... ... ... .. . .. . 
VF-100 ... ... ... ... ... ... ... . .. . .. 
VF-SA ... <0.1 <0.1 ... ... ... ... .. . .. . 
VF-10A ... 2.7 <0.1 2.6 <0.1 3.6 0.1 ... .. . 
VF-15A ... 1.1 <0.1 ... ... 4.1 0.1 <0.1 <0.1 
VM-5 ... ... ... ... ... ... ... .. . . .. 
VM-10 ... 20.2 <0.1 18.7 <0.1 ... ... 24.3 <0.1 
VM-15 ... 34.2 <0.1 ... ... 36.2 0.3 27.8 <0.1 
VM-25 ... <0.1 <0.1 ... ... 0.1 1.1 <0.1 1.5 
VM-50 ... <0.1 <0.1 ... ... ... ... . .. 
'" 
VM-75 ... ... .. , ... ... ... ... . .. .. . 
VAN-S ... ... .. , ... ... ... ... .. . .. . 
VAN-10 ... <0.1 <0.1 <0.1 <0.1 ... ... . .. . .. 
VAN-15 ... <0.1 <0.1 ... ... 0.7 0.1 <0.1 <0.1 
VAN-25 ... <0.1 <0.1 ... ... <0.1 0.2 <0.1 1.8 
VAN-50 ... <0.1 3.4 ... ... ... ... 
'" 
.. . 
VAS-5 ... ... .. , ... ... ... ... .. . . .. 
VAS-IO ... <0.1 <0.1 <0.1 <0.1 0.6 0.4 2.1 <0.1 
VAS-IS ... <0.1 <0.1 ... ... <0.1 0.5 <0.1 <0.1 
VAS-25 ... 1.2 <0.1 ... ... 0.7 0.9 .. . . .. 
VAS-50 
... <0.1 4.1 ... ... ... ... .. . .. . 
VAS-5A ... <0.1 <0.1 <0.1 1.1 0.2 0.8 <0.1 <0.1 
VAS-15A 
... <0.1 2.0 ... ... 0.1 1.9 <0.1 2.5 
VAS-30A ... <0.1 4.2 ... ... 0.2 3.2 ... . .. 
*NH.-N was not determined for this date. . .. denotes not detennmed. 
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Figure 1. Map showing the location of the Walnut Creek watershed, the Walnut Creek 
central transect (WC-CT) and Walnut Creek eastern transect (WC-ET) within 
the Des Moines Lobe in central Iowa. 
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Figure 2. Stratigraphic section for the Walnut Creek watershed. 
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Figure 6. Profiles ofN03-N, CI, DO, N20, and 3H at the (a) BT nest, (b) BM nest, and 
(c) BC nest at the Walnut Creek- Central Transect. N03-N, CI, DO, and N20 
were sampled in April of 1994 and May of 1995. 3H was sampled in July of 1994. 
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Figure 7. Profiles ofN03-N/CI ratios at the BT nest at the Walnut Creek- Central Transect 
and VF nest at the Walnut Creek- Eastern Transect. N03-N and CI were sampled 
in April of 1994. 
(a) 
(b) 
VF 
G .... 1ogy 
0 
ox. 
LWtil 
2 
4 
ox. 
iE I Pllill !-
• 
10 
12 
o 
PI 
trans. 
VM 
Geology 
ox. 
2 LWtil 
W 
• I.,... 
10 
12 
53 
NOTN CI DO 
(ppm) (ppm) (ppm) 
0 5 10 0 20 40 0 4 • 
-
• • • 
• • • ~ • 
• • • 
NO,.N CI DO N"o 
(ppm) (ppm) (ppm) (jig L") 
o 20 40 0 100 200 0 4 • 0 ~O 100 0 
• 
• • • • 
• • • 
• 
~ 
• 
"H 
(TU) 
10 2 
Figure 8. Profiles ofN03-N, CI, DO, N20, and 3H at the (a) VF nest and (b) VM nest at the 
Walnut Creek- Eastern Transect. N03-N, CI, DO, and N20 were sampled in March 
of 1994 and May of 1995. 3H was sampled in July of 1994. 
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Figure 9. Profiles ofN03-N, Cl, DO, N20, and 3H at the (a) V AN nest and (b) VAS nest 
at the Walnut Creek-Eastern Transect. N03-N, Cl, DO, and N20 were sampled in 
March of 1994 and May of 1995. 3H was sampled in July of 1994. 
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ASSESSMENT OF DENITRIFICATION IN QUATERNARY SEDIMENTS WITHIN THE 
WALNUT CREEK WATERSHED, CENTRAL IOWA 
A paper to be submitted to Geomicrobioiogy 
Beth L. Johnson, William W. Simpkins, Timothy B. Parkin 
Abstract 
Denitrification enzyme activities (DEA) of Quatemary sediments in the Walnut Creek 
watershed were determined using the acetylene block technique. Microcosms containing 5 
gram subsamples of core were amended with the following treatments: a glucose-nitrate-
chloramphenicol solution (Trt 1), a nitrate-chloramphenicol solution (Trt 2), and a degassed 
distilled water-chloramphenicol solution (Trt 3). DEA increased with the addition of nitrate, 
but not with the addition of glucose. This suggests that denitrifying activity is not limited by 
organic C availability for pre-existing denitrifying enzymes in the sediments. DEA was 
variable among sediment types; the highest DEA occurred in Type I loess (median: 71.7 ng N 
g-l day-l TTt 1; 143.1 ng Ng-l day"l TTt 2). Holocene alluvium and oxidizedlunoxidized Pre-
Illinoian sand units exhibited substantially higher DEA than that in late Wisconsinan or Pre-
Illinoian till units. 
Although the denitrifying activity of pre-existing enzymes is not limited by organic C 
availability, in situ organic C affects the magnitude and variation in DEA among and within 
sediment types. Type I (high carbon) loess had substantially higher DEA than Type II (low 
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carbon) loess (0.00 ng N g-l day-l Trt 1; 1.30 ng N g-l datI Trt 2). Positive statistical outliers 
in DEA data were obtained from core samples with visible organic material in late 
Wisconsinan unoxidized till and the Yarmouth-Sangamon paleosol. Both particulate organic 
carbon (POC) in the sediments and dissolved organic carbon (DOC) in groundwater are 
possible carbon sources for denitrification. The higher DEA exhibited in high carbon 
sediments may indicate a greater amount of denitrifying enzymes and/or bacteria in these 
sediments. These results suggest that the distribution of organic C in sediment likely controls 
denitrification in Quaternary sediments in the Walnut Creek watershed. 
Introduction 
Agricultural activities are a significant source of groundwater contamination (Spalding 
et al. 1978; Baker and Johnson 1981; Madison and Brunett 1985; Keeney 1986; Hallberg 
1987; Schepers et al. 1991; Hallberg and Keeney 1993). In Iowa, approximately 18% of 
private rural wells contain N03-N concentrations exceeding the EPA maximum contaminant 
level (MCL) ofl0 mg L-l (Kross et al. 1990). Increased knowledge on the transport, 
transformation, and removal of nitrate in groundwater is necessary to make sound 
management decisions. Denitrification, the microbial reduction ofN03-N to N20 and N2 
gases, is one process that permanently removes N03-N from groundwater. Denitrification at 
the surface water/sediment interface, in septic tank systems, in water treatment, and in soils 
has been the subject of many investigations (Korom 1992). Because of increasing evidence of 
N03-N contamination of groundwater, there has been an increase in interest in the denitrifying 
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activity and denitrification potential in subsurface sediments. 
A two-phase pattern has been observed in studies of soil denitrification; each phase 
represents a distinct response from the denitrifying bacteria (Smith et al. 1978; Smith and 
Tiedje 1979). The initial phase of denitrification, Phase I, is characterized by a lower rate of 
denitrifying activity lasting approximately 1 to 3 hours after the onset of anaerobiosis. The 
later phase, Phase II, is characterized by higher rates of denitrifying activity, occurring 4 to 8 
hours into the incubation. Chloramphenicol, an antibiotic that inhibits protein synthesis, 
reduces Phase II activity but not Phase I activity. The activity increase during Phase II has 
been attributed to newly synthesized, denitrifying enzymes or bacteria, whereas Phase I 
reflects the activity of pre-existing enzymes (Smith and Tiedje 1979). 
Most denitrification "rates" reported in the literature are estimated from extended 
periods of incubation without the use of a growth inhibitor. These estimates probably 
measure Phase II activity and are properly termed "denitrification potentials". Estimates of 
Phase I activity using short-term incubations and chloramphenicol, properly termed 
"denitrification enzyme activity" or DEA, are less common in the literature. We chose to 
quantify Phase I activity to investigate the activity of pre-existing enzymes in the sediments 
versus the growth of denitrifying enzymes and/or bacteria under conditions imposed in the 
laboratory. DEA is a measure of the recent denitrifying activity in the sediment and indicates 
N03-N, available organic C, and a lack of dissolved oxygen has been present. 
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Previous Work 
To date, most research on denitrification in groundwater has been conducted in 
shallow, unconfined sand and gravel aquifers. Denitrification potential measurements reported 
in the literature range from 3-44880 ng N got dayot (Appendix B). Bradleyet al. (1992) 
reported denitrification potentials ranging from 3.36 to 346 ng N got dayot in shallow, 
anaerobic aquifer sediments in Tampa, Florida. A sand and gravel aquifer contaminated with 
sewage waste on Cape Cod, Massachusetts, exhibited denitrification potentials ranging from 4 
to 82 ng N got dayot (Smith and Duff 1988; Smith et al. 1991). Denitrifying activity was 
highest near the contaminant source. Slater and Capone (1987) reported a denitrification 
potential of238 ng N got dayot for aquifer sediments at a depth of 4 m. 
Few studies have investigated denitrification in confining units or aquitards. Clay and 
fractured clay in Denmark exhibited average denitrification potentials of21.9 and 37.3 ng N 
got dayo" respectively (Lind 1985). Fujikawa and Hendry (1991) observed low denitrification 
potentials in oxidized and unoxidized Pleistocene till in Canada; the exception being 
anomalously high denitrifying activity surrounding fracture faces or organic deposits in till. 
Morris et al. (1988) reported an average denitrification potential of 47.6 ng N got dayot in the 
Floridian aquifer and the semiconfining layer above the aquifer. Based these rates, they 
concluded that contamination of the Floridian aquifer was unlikely. 
Many factors influence the rate and extent of denitrification: pH, moisture content, 
temperature, oxygen availability, nitrogen oxides, and organic C. Availability of organic C is 
one of the most important factors controlling denitrification (payne 1981; Knowles 1982; 
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Korom 1992). Several studies have reported a link between the different forms of organic C 
and denitrifying activity, although the terminology describing the various forms of organic C 
has not been consistent in the literature. In this paper, we will use the term particulate organic 
carbon (POC) to denote solid phase organic carbon. The term dissolved organic carbon 
(DOC) will be used to denote water soluble organic carbon that has passed through a 0.45 J.1m 
filter. 
Bradley et al. (1992) reported a strong correlation between denitrification potential 
and total organic carbon in aquifer sediment. In a sand and gravel aquifer in Ontario, Starr 
and Gillham (1993) reported that denitrification occurs where the water table is shallow (1 m), 
and where sufficient DOC is transported from the soil zone to sustain an anaerobic 
environment for denitrification. They suggested that under deep water table conditions the 
greater residence time in the vadose zone allows the complete degradation of DOC, and 
denitrification does not occur. Burford and Bremner (1975) reported denitrifying activity in 
air-dried soils was highly correlated to DOC concentrations in the soil. They suggested that 
the easily decomposable organic materials in DOC are the preferred carbon source for 
denitrification; however, Bijay-Singh et al. (1988) found that this correlation was not as 
strong in field-moist soil samples. 
Study Area and Geology 
The area of study is the Walnut Creek watershed, which is located within the south 
central part of the Des Moines Lobe, 7 Ian south of Ames, Iowa (Figure 1). The 5600 ha 
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watershed exists on a gently rolling to nearly level till plain with poor natural drainage. 
Extensive tile drainage systems have been installed to drain the area for agricultural use. 
Ninety-five percent of the watershed is used for row crop agriculture, farmed primarily in com 
and soybean rotation. Soils are characterized by the Clarion-Nicollet-Webster association. 
The geology of the watershed consists of a thick sequence of Quaternary deposits overlying 
Paleozoic bedrock. The Quaternary deposits used in the DEA experiments were Holocene 
alluvium and Pleistocene till, loess, and paleosol units (Figure 2). 
Postglacial floodplain alluvial and colluvial deposits adjacent to Walnut Creek were 
deposited by headward expansion and then aggradation during the Holocene. In the more 
incised portions of Walnut Creek to the east, the base ofthe Holocene sediment sequence 
consists of a gravel lag deposit composed primarily of pebble- and cobble-sized clasts. This 
deposit is probably similar to that found in the Buchanan drainage, which is 2.5 km north and 
east of the Walnut Creek watershed (Van Nest and Bettis 1990). The lag deposit is overlain 
by loamy textured alluvium interbedded with sand units. The sand units vary from coarse-
grained and oxidized (2.5Y 6/4) to fine-grained and gleyed (5GY 5/1). Buried colluvial 
sediments, closely resembling Pleistocene till and loess units, are intermixed within the alluvial 
sediment. They may represent slopewash sediment from the valley walls (Van Nest and Bettis 
1990). 
The surficial unit in most of the watershed is till of the Dows Formation (Alden 
Member), which was deposited by advances of Des Moines Lobe ice during late Wisconsinan 
time (14,000 to 12,000 years B.P.). Particle size analyses yielded an average of 48% sand, 
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37% silt, and 15% clay and thicknesses range from 4.5 to 25 m in central Iowa (Kemmis et al. 
1981). The unit is characterized by 3 to 4 m of oxidized (weathered) till above unoxidized 
(unweathered) till. The oxidized till is brownish yellow (2.5YR 6/4), calcareous, and contains 
numerous sedimentary pebbles. It also contains abundant rootholes and subvertical fractures 
exhibiting gray iron-depleted zones or iron-oxide coatings. There is generally a sharp 
transition zone « 0.5 m) between the oxidized and unoxidized till. In some areas of the 
Walnut Creek watershed, the transition zone consists of a dark yellow brown (10 YR 4/6) 
iron oxide band (10 cm) overlying 30 cm of dark greenish gray (SG 4/1), gleyed till. The 
unoxidized till is dark gray (2.5 Y 4/0), calcareous, and also contains pebbles. Iron-coated 
fractures are present, but the density is less than in the overlying oxidized till. The base of the 
unoxidized till in some locations contains wood chips and disseminated organic C. Hydraulic 
conductivities in this unit (l0-8 m S-I) are much lower than that in oxidized till (l0-5 to 10-6 m 
S-I) (Simpkins and Parkin 1993). 
Wisconsinan loess (peoria loess) was deposited 17,000 to 14,000 years B.P., prior to 
the advance of the Des Moines Lobe. It overlies most of the Pre-Illinoian till throughout Iowa 
(prior 1991). This unit consists of dark gray (2.SY 4/0), unoxidized to reduced, calcareous 
silt and clay mostly of eolian origin, but locally is extensively reworked. A maximum 
thickness of 8 m is found in central Iowa. At some locations, the loess exhibits a high organic 
C content (POC range of 0.3 to 2%), which was the result of spruce forests and wetlands 
established on loess soils (Simpkins and Parkin 1993). Two types ofloess deposits were 
identified in the Walnut Creek watershed. The first type of loess is predominately silt, but also 
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includes sand, pebbles, and block inclusions of unoxidized late Wisconsinan till. Portions of 
this loess exhibit a gleyed color (SG 411) and contain organic horizons (paleosols), abundant 
wood chips, and terrestrial snail shells. This loess unit, termed Type I loess, is interpreted to 
be a reworked deposit, probably resedimented during slope movement prior to the advance of 
the Des Moines Lobe; technically, it is a diamicton. Type II loess is characterized by a 
homogeneous silt texture, and a noticeable lack of organic material and terrestrial snail shells. 
It is interpreted to be mostly eolian in origin. 
The Yarmouth-Sangamon paleosol is a laterally extensive Pleistocene buried soil that 
occurs throughout the Midwest. The soil was developed during the Yarmouth-Sangamon 
interglacial periods, primarily in paleo-upland positions on the exposed Pre-Illinoian till 
surface in Iowa (prior 1991). Recent work has shown it to be a complex polygenetic soil that 
developed in multiple parent materials: Pre-Illinoian till, loess, reworked loess, and colluvium 
(Woida and Thompson 1993). Because diagenetic and biological processes have obliterated 
individual horizons, the paleosol is generally characterized as a thick, grayish brown, clay 
(gumbotil). In the Walnut Creek watershed, the paleosol ranges from 0.3 to 10 m thick. One 
A horizon consisted of a black (2.SY 2/0), organic rich horizon leached of carbonate. 
Remnants of organic horizons, evidenced by alternating gray (2.5Y S/O) and light olive brown 
(2.SY S/3) zones, occur within the paleosol. However, a majority ofthe paleosol consists of 
gray to dark gray (2.SY 5/0 to 4/0) clayey B horizon(s) leached of carbonate and exhibiting a 
blocky texture. Krotovinas (filled animal burrows), root holes, and iron mottling are also 
observed. 
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Pre-Illinoian till comprises the thickest (lOOm) till unit in the watershed. It probably 
consists of several undifferentiated till units that are greater than 500,000 years old (Hallberg 
1986), and is the predominant till unit found outside of the extent of the Des Moines Lobe 
(prior 1991). Particle size analyses for unoxidized Pre-Illinoian till yielded an average of36% 
sand, 39'1/0 silt, and 25% clay at a site 1 km northwest of the watershed (Simpkins and Parkin 
1993). It also consists of 3-5 m of oxidized till above unoxidized till. The oxidized till is 
yellowish brown (lOYR 5/4), leached of carbonate, and contains abundant iron-depleted 
fracture zones, iron-coated fractures, and sand units. A thick transition zone (approximately 3 
to 4 m) occurs between the oxidized and unoxidized till. This zone is characterized by 
oxidized and unoxidized sand units, alternating iron-coated and iron-depleted fracture zones, 
and the presence of iron mottling and manganese dendrites. Unoxidized till is very dark gray 
(2.5 YR 3/0), leached of carbonate, and contains sand units. Deep gravel units found within 
the unoxidized till provide drinking water in the Walnut Creek watershed. Unoxidized Pre-
lllinoian till can be differentiated from unoxidized late Wisconsinan till by its finer-grained 
texture, lack of pebbles, and greater bulk density. Hydraulic conductivities for oxidized Pre-
lllinoian till range from 10-3 to lO-s m S-l, whereas unoxidized till values average 10-11 m S-l 
(Simpkins and Parkin 1993). 
Materials and Methods 
Sample Collection 
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Samples for analysis were collected within the Walnut Creek watershed during 1993 
and 1994 (Figure 1). Continuous core samples (1.5 m in length) were obtained by either 50 or 
80 cm ID split core barrels pushed into undisturbed sediments through the bottom of 11 cm 
ID hollow stem augers. No drilling fluids were used and care was taken in preventing 
contamination of the core by surface soils. Sub samples from the desired depths were selected 
and wrapped in plastic wrap and aluminum foil for transport to the laboratory. For the core 
obtained in 1993, the outer layer (approximately 1 cm) was pared with a sterile knife in an 
anaerobic hood to remove potential contamination from drilling. Pared samples were placed 
in sterile mason jars and stored at 4°C until analysis. Although samples were stored for 6 to 
12 months before analysis, this appears to have had a negligible effect on results (Appendix 
B). Smith and Parsons (1985) reported storage at 2 to 4°C for up to 4 months had minimal 
effects on DEA. For core obtained in 1994, samples were removed from the center of core 
sections with sterile knives and immediately placed in microcosms. 
Measurement of Denitrification En;J'me Activity 
Denitrification enzyme activity (DEA) was estimated in microcosm samples by the 
C2H2 block technique~ a method frequently applied in the measurement of dentrification rates 
in the laboratory (Balderston et al. 1976~ Klemedtsson et at. 1977~ Yoshinari et at. 1977). 
C1H1 blocks the microbial reduction ofNzO to Nz, allowing for the measurement ofNzO 
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production via denitrification. Microcosms consisted of 5 gram samples of core placed in 15 
ml sterile glass vials crimp-sealed with butyl rubber stoppers. For each core sample analyzed, 
two replicate microcosms were amended with Treatment 1 (Trt 1) and two were amended 
with Treatment 2 (Trt 2). The treatments involved a combination ofKN03, glucose, and 
chloramphenicol (CuH12CI2N20s)(Table 1). For two core samples within each sediment type 
(44% of total core samples analyzed), two replicate microcosms were amended with 
Treatment 3. The antibiotic chloramphenicol was added to the three treatments to inhibit 
protein synthesis and ensure the measurement of DE A. 
Standard procedures were used for the estimation of DE A (Smith et al. 1978; Smith 
and Tiedje 1979). Microcosms were flushed (5 to 6 times) with He and evacuated to produce 
an anaerobic environment. A slight overpressure of He was maintained in the microcosms 
prior to analysis. One ml of acetylene (C2H2) was added to the microcosms, and the vials 
were shaken. Acetylene was generated by reacting CaC2 with distilled water prior to use. 
Samples of heads pace gas (0.5 ml) were analyzed three times during a 6 to 8 hour incubation 
period. Nitrous oxide concentrations were measured on a Shidmadzu GC-mini 2 gas 
chromatograph equipped with an electron capture detector, Porapak Q column, and an 
automatic headspace sampler. Peak areas were quantified with a digital integrator (Hewlett-
Packard 3395A), and N20 concentrations were standardized against air and 1, 10, 100, and 
1000 ppm concentrations ofN20 obtained from commercial gas mixtures (Scotty Speciality 
Gases, Troy, Michigan). DEA was estimated by linearly regressing N20 production per 
replicate vial against time. Moisture content of the core samples were determined 
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gravimetrically after oven drying at 105°C; thus DEA values were expressed on a dry weight 
basis. 
Concentrations of DOC were determined from groundwater in geologic units sampled 
for the DEA experiments. Samples for DOC were filtered (0.45 ~m), packed in ice, acidified 
with concentrated H3P04, and analyzed using persulfate oxidation on a carbon analyzer. The 
core surrounding the sub samples obtained for the DEA experiments was analyzed for POCo 
Particulate organic C was determined by combustion following treatment of samples with 2.5 
M H2S04 to remove carbonates (Carlo Erba Instruments, Milano, Italy). 
Results and Discussion 
Effect of Treatments 
Nitrous oxide production occurred in 40 percent of the microcosms, with a two hour 
time lag before detectable N20 was produced (Figure 3). Variability in N20 production was 
manifested in the large standard deviations in average rate estimates of DE A (Tables 2 and 3). 
Nonuniform spatial distribution of denitrifying activity has been observed in studies conducted 
in soils (parkin 1987; Parkin 1993) and subsurface sediments (Fujikawa and Hendry 1991). 
This variability is attributed to high activity micro sites or "hot spots" (parkin 1987). 
Nitrous oxide was produced in approximately half of the microcosms amended with 
Treatment 3, and typically occurred in sediments where denitrifying enzymes also responded 
to Treatment 1 (Trt 1) and Treatment 2 (Trt 2). Average rate estimates of DE A for 
Treatment 3 were substantially lower than that for Treatments 1 and 2 (Table 3). Production 
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ofN20 in microcosms amended with Treatments 1 and 2 were similar in magnitude, thus 
denitrifying enzymes responded to the addition of nitrate, but not to the addition of glucose 
(Figure 4). Variation in response among the individual microcosms is most likely due to 
heterogeneity of the sediment, and not the difference between the treatments. 
Most investigations conducted in subsurface sediments have reported an increase in 
denitrifying activity after amendment with glucose (i.e. Smith and Duff 1988; Lind and Eiland 
1989; Yeomans et al. 1992; Bradley et al. 1992; Starr and Gillham 1993). Denitrifying 
enzymes in our sediments were not stimulated by glucose addition, suggesting that organic C 
was not a limiting factor in denitrifying activity for the pre-existing enzymes. A lack of 
response to glucose addition has been reported in experiments using short-term incubations 
and chloramphenicol (Smith and Tiedje 1979; Lowrance 1992). Glucose addition stimulates 
the growth of denitrifying enzymes and/or bacteria and thereby increases denitrifying activity 
in the sediment. The use of chloramphenicol and short-term incubations inhibits this growth 
(phase II activity), and probably prevents a response to glucose addition. Ifwe had chosen to 
monitor Phase II activity, our results may have been similar to other denitrification studies 
conducted in subsurface soils « 3 m in depth) in central Iowa (Yeomans et al. 1992; McCarty 
and Bremner 1992). Because of relatively low initial numbers of denitrifying bacteria, low 
denitrification potentials were reported in subsurface samples amended with organic C 
(glucose) and incubated for 24 hours. After incubation over 72 hours, the organic Chad 
stimulated growth of denitrifying bacteria and greatly increased denitrification potentials. 
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Effect of Sediment Type 
Although maximum DEA occurred in Type I loess (median: 71.7 ng N gol dayol Tr11; 
143.1 ng N gol day"l TrI2), estimates of DE A in the remaining finer-grained silty or clayey 
sediments were low (Table 3). Pre-existing enzymes in unoxidized Pre-Illinoinan till and the 
late Wisconsinan transition zone, if present, did not respond to the treatments. Type II loess 
and oxidized Pre-Illinoian till responded slightly to only one treatment (median: 1.30 ng N gol 
dayol Trl 2; median: 0.39 ng N gol dayol Trl1, respectively). Unoxidized late Wisconsinan till 
exhibited little to no denitrifying activity, except for a few individual core samples which 
displayed anomalously high activity (Appendix B). DEA in the Yarmouth-Sangamon paleosol 
was also highly variable. DEA in our till units were lower than denitrification potentials 
estimated in clay and fractured clay in Denmark (Lind 1985) and Pleistocene oxidized and 
unoxidized till in Alberta, Canada (Fujikawa and Hendry 1991). The latter estimates maybe 
higher than ours due to the measurement ofN20 production from denitrifying enzymes and/or 
bacteria synthesized during extended incubation periods. 
Sandier sediments, including Holocene alluvium (77.7 ng N gol dayol Trl 1; 41.5 ng N 
gol dayol Trl 2) and oxidizedlunoxidized sand units in Pre-Illinoian till (53.1 ng N gol day"l Trl 
1; 58.5 ng N gol day·l Trl2 and 67.9 ng N gol day"l Trl 1; 30.8 ng N gol dayol Trl2, 
respectively), exhibited high DEA These estimates fall within the range of activity found in 
sand and gravel units elsewhere (Smith and Duff 1988; Lind and Eiland 1989; Smith et al. 
1991; Bradley et al. 1992). Although high denitrifying activity is commonly associated with 
sand units, it is typically reported in extensive sand and gravel deposits with an obvious nearby 
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source of organic C, i.e., in shallow aquifers located directly below the soil zone (Starr and 
Gillham 1993) or in aquifers contaminated with organic compounds (Smith and Duff 1988; 
Smith et aI. 1991). In the present study, high denitrifying activity occurred in sand units «1 
m thick) within Pre-Illinoian till where the adjacent till unit exhibited little to no DEA. 
Similar results were reported in a study of methanogenesis in late Wisconsinan till in this 
region (parkin and Simpkins 1995). A CH4 production rate of340 nmol CH4 kg-I day-I 
occurred in a thin sand unit within late Wisconsinan till, whereas the surrounding till exhibited 
a production range of 4.5 to 30.5 nmol CH4 kg-I day-I. In summary, although these sand units 
may be isolated within the till unit, they appear to be "hot spots" of denitrifying activity in 
contrast to the surrounding till units. 
Effect of In Situ Organic C 
Although the primary focus of this study was the preliminary assessment of 
denitrifying activity in subsurface sediments, the data suggest that the magnitude and variation 
in DEA may be controlled by the spatial distribution of in situ organic C. Organic C 
incorporated into Wisconsinan till and loess units by glacial processes provides a unique 
carbon source for denitrifying activity. Positive statistical outliers and differences in DEA 
estimates among units may be explained by micro site activity around organic C fragments. 
For example, Wisconsinan loess was separated into two categories based on its response in 
the experiments. Type I loess exhibited substantially higher DEA (data shown previously) 
than Type IT loess (median: 0.00 ng N g-I day-I Tr11; l.30 ng N g-I day-I Tr(2). Core 
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samples of Type I loess contained organic matter in the form of wood chips and finely 
disseminated organic C and were sometimes gleyed. Type IT loess lacked these types of 
organic matter and was not gleyed. Estimates of DE A from core samples BT-38 (69.2 ng N 
g-l day-l Trl 1; 77.85 ng N g<l datl Tr12) and BT-76 (1.99 ng N g<l day<l Trl 1; 52.94 ng N 
g<l day<l Trl 2) were substantially higher than the average DEA in unoxidized late 
Wisconsinan till or the Yarmouth-Sangamon paleosol, respectively (Appendix B). Both core 
samples (BT -38 and BT -76) contained wood chips and other smaller fragments of organic C, 
which may have stimulated denitrifying enzyme response. 
Based on previous work in the region, prominent organic material within these units 
produces high percentages of particulate organic carbon (POC), usually in the range of 0.03 to 
1.16 percent (Table 4). Thus, sediments with lower POC values, including oxidized till units, 
exhibited lower denitrifying activity. Units with higher POC exhibited high denitrifying 
activity (Type I loess), or as previously mentioned, exhibited anomalously high activity in 
individual core samples (unoxidized late Wisconsinan till and Yarmouth-Sangamon paleosol). 
The exception to this trend was unoxidized Pre-Illinoian till; it exhibited no denitrifying 
activity, but POC values averaged 1.16% for this unit. However, organic C availability is a 
function of composition as well as concentration. Pre-Illinoian till units may contain a form of 
organic C that may not be utilizable by denitrifying enzymes. 
Dissolved organic carbon (DOC) is another possible carbon source for denitrification. 
DOC concentrations in groundwater in the watershed are substantially higher than the normal 
range for groundwater (0 to 15 mg L<l )(Leenheer et al. 1974). DOC concentrations typically 
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mirror the POC content of sediments from which groundwater was obtained. Thus, the 
highest average DOC concentration (45.6 mg Lot) occurred in a piezometer installed in Type I 
loess, the sediment with the highest DEA (Table 4). All unoxidized late Wisconsinan till and 
Yarmouth-Sangamon paleosol core samples exhibiting anomalously high denitrifying activity 
were taken from a tilllloess profile where DOC concentrations in groundwater obtained from 
piezometers ranged from 9.2 mg Lot in unoxidized late Wisconsinan till to 88.3 mg Lot in the 
Yarmouth-Sangamon paleosol. Whereas high POC values are observed in unoxidized Pre-
Illinoian till, DOC concentrations in groundwater within this unit averaged 7.9 mg Lot. This 
suggests that high denitrifying activity in sediments may be more related to the DOC 
concentrations present in the groundwater. Whatever the form of organic C is utilized by 
denitrifying enzymes, its distribution within the sediments appears to control DEA in the 
Walnut Creek watershed. 
Although glucose addition did not increase DEA, it is consistent with the finding that 
in situ organic C increased DEA. Whereas the former indicates organic C does not affect 
denitrifying activity in pre-existing enzymes, the latter may indicate that in situ organic C 
affects the amount of pre-existing enzymes in the sediment. The high carbon sediments may 
have provided an environment for increased production of denitrifying enzymes and/or a 
greater population of denitrifying bacteria. Bacterial counts (MPNs) were not conducted on 
the sediments and further investigation is needed to verify this relationship. 
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Conclusions 
Denitrification enzyme activity (DEA) varied among Quaternary deposits encountered 
in the Walnut Creek watershed. Sandy sediments, such as Holocene alluvium and sand units 
within Pre-Illinoian till exhibited high denitrifying activity. Little to no DEA was observed in 
the late Wisconsinan and Pre-Illinoian tills. Wisconsinan loess deposits (Type I and II loess) 
displayed a range of activity. Type I (high carbon) loess had substantially higher DEA than 
Type II (low carbon) loess. Positive statistical outliers in DEA data were obtained from core 
samples with visible organic material in late Wisconsinan unoxidized till and the Yarmouth-
Sangamon paleosol. Both the particulate organic carbon (POC) in the sediments and the 
dissolved organic carbon (DOC) in groundwater are possible carbon sources for 
denitrification: POC and DOC determinations are currently being conducted on the remaining 
core from which microcosm samples were obtained. This data should confirm the relationship 
between in situ organic C and the DEA of sediments. In addition, it may indicate the 
preferred form of organic C (pOC or DOC) used by the denitrifying enzymes. 
DEA in sediments estimated in the laboratory did not correspond to zones of 
denitrification identified in groundwater by field investigation. Zones characterized by high 
N03-N concentrations (> 5 mg L-1) and above-ambient concentrations ofN20 occur within 3 
to 10 m of the ground surface. Based on the present study, sediments within this zone, 
typically the oxidized late Wisconsinan and Pre-Illinoian till units, exhibited minimal 
denitrifying activity in the laboratory. With the exception of Holocene alluvium, the sediments 
exhibiting the highest DEA occur> 15 m below the ground surface, which is beyond the 
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extent of documented N03-N contamination. Further investigation is needed to resolve 
discrepancies between the field and laboratory data. 
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Table 1. Treatments for DEA experiments. 
Treatment 1 
0.003 mM 
chloramphenicol 
1 mMKN03 
1 mM glucose' 
Treatment 2 
0.003 mM 
chloramphenicol 
1 mMKN03 
Treatment 3 
0.003 mM 
chloramphenicol 
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Table 2. DEA data for each sediment type for Treatments 1 and 2. SD= standard deviation. 
Sediment Denitrification Enzyme Activity {ng N g-I datIl 
Treatment Type N Mean Median SO Min Max 
1 H alluvium 4 82.7 77.7 94.0 0.0 175.2 
LWox. till 4 1.77 0.81 2,48 0.00 5,44 
L W transition 4 0.00 0.00 0.00 0.00 0.00 
LWunoxtill 8 10,43 0.00 24.18 0.00 69.16 
Type II loess 4 0.155 0.00 0.309 0.000 0.618 
Type I loess 3 91.6 71.7 59.9 44.2 158.9 
Y -S paleosol 6 3.74 0.00 8.24 0.00 20,48 
PI ox. sand 3 123.2 53.1 128.3 45.2 271.3 
PI ox. till 4 1.87 0.39 3.24 0.00 6.70 
PI transition 4 6.62 0.00 13.25 0.00 26.50 
PI unox. sand 4 68.0 67.9 55.8 0.0 136.1 
PI unox. till 4 0.00 0.00 0.00 0.00 0.00 
2 H alluvium 4 57.1 41.5 70.2 0.0 145.5 
LWox. till 4 5.28 4.84 6.14 0.00 11.43 
L W transition 4 0.00 0.00 0.00 0.00 0.00 
L W unox. till 8 11.35 0.00 27.25 0.00 77.85 
Type II loess 4 1.30 0.00 2.60 0.00 5.20 
Type I loess 3 191.1 143.1 159.1 61.5 368.7 
Y-S paleosol 6 12.38 0.00 21.63 0.00 52.94 
PI ox. sand 3 78.9 58.5 54.1 38.0 140.3 
PI ox. till 4 0.00 0.00 0.00 0.00 0.00 
PI transition 4 7.17 0.25 14.01 0.00 28.17 
PI unox. sand 4 38.6 30.8 40.4 0.0 92.8 
PI unox. till 4 0.00 0.00 0.00 0.00 0.00 
ox. = oxidized unox. = unoxidized H=Holocene 
L W = Late Wisconsinan Y -S = Yannouth-Sangamon PI = Pre-Illinoian 
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Table 3. DEA data for each sediment type for Treatment 3. SD= standard deviation. 
Abbreviations same as Table 2. 
Sediment Denitrification Enzyme Activity {ng N g.1 darll 
Treatment Type N Median Mean SD Min Max 
3 H alluvium 2 1.77 1.77 2.51 0.00 3.55 
LWox. till 2 0.00 0.00 0.00 0.00 0.00 
L W transition 1 0.00 0.00 
L W unox. till 2 5.82 5.82 8.23 0.00 11.63 
Type II loess 2 3.51 3.51 4.97 0.00 7.02 
Type I loess 2 6.74 6.74 2.60 4.90 8.58 
Y -S paleosol 3 1.55 0.00 2.69 0.00 4.66 
PI ox. sand 2 7.36 7.36 7.94 1.75 12.98 
PI ox. till I 3.41 3.41 
PI transition 2 0.00 0.00 0.00 0.00 0.00 
PI unox. sand 2 0.00 0.00 0.00 0.00 0.00 
PI unox. till 2 0.00 0.00 0.00 0.00 0.00 
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Table 4. POC data for geologic units and DOC concentrations of groundwater taken 
from piezometers in the Walnut Creek watershed. 
Type of Sediment Average Min Max 
organic C Type N (%) 
POC LWox. till 4 0.31 0.16 0.66 
L W unox. till 5 0.60 0.34 0.76 
Type I loess 1 0.68 
Y -S paleosol 3 0.83 0.12 2.19 
PI ox. till 2 0.03 0.00 0.06 
PI transition 1 0.13 
PI unox. till 5 1.16 0.90 1.48 
(mg Lol) 
DOC H alluvium 10 7.1 4.1 12.4 
LWox.,till 12 7.7 2.0 20.7 
L W unox. till 15 18.3 4.1 40.9 
Type I loess 12 45.6 4.5 73.7 
Y -S paleosol 2 58.9 29.4 88.3 
PI ox. till 7 4.1 2.2 7.4 
PI transition 2 5.9 2.7 9.2 
PI unox. till 12 7.9 5.2 16.4 
L W = Late Wisconsinan Y -s = Yannouth-Sangamon PI - Pre-Illinoian 
H=Holocene ox. = oxidized unox. = unoxidized 
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Figure 1. Map showing the location of the Walnut Creek watershed within central Iowa 
and location of cores obtained for this study. 
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Figure 2. Stratigraphic section and legend for Quaternary sediments in the Walnut Creek 
watershed. 
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Figure 3. Plot ofN20 production in oxidized Pre-Illinoian till (VF-27) in the presence of 
acetylene and chloramphenicol. Values are means of two replicates. Treatments: 
• Treatment 1, • Treatment 2, • Treatment 3. Error bars represent the minimum 
and maximum production rates for the replicates at each time point. 
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GENERAL SUMMARY 
Results from ongoing studies conducted in the till and loess aquitard within central 
Iowa indicate that both hydrogeological and biogeochemical barriers exist to prevent the 
vertical transport ofN03-N. The thick, relatively impermeable aquitard slows the movement 
of modern, potentially contaminated water to underlying drinking water aquifers. In addition, 
low redox conditions within the aquitard would reduce, rather than transport, N03-N in 
groundwater. Although the transport of contaminants through zones of preferential flow (i.e., 
fractures or poorly constructed wells) may occur,large scale contamination of aquifers is not 
likely to occur in the near future. 
Field investigation at two piezometer transect sites within the Walnut Creek watershed 
identified elevated concentrations ofN03-N in near-surface groundwater « 8 m below the 
ground surface). The depth ofN03-N penetration coincided with the thickness of oxidized 
sediments (till and alluvium) below the ground surface. This oxidizing environment allows the 
persistence and transport ofN03-N. Deeper groundwater, which occurred in unoxidized 
sediments, was characterized by low redox potentials. Nitrate-nitrogen would be rapidly 
reduced if transported to these depths. Above-ambient N20 concentrations and the 
preferential loss ofN03-N relative to Cl or 3H with depth and downgradient along 
groundwater flow paths strongly suggests that denitrification is occurring. Denitrification 
appears to occur near the boundary between oxidized and unoxidized sediments in the 
watershed. 
Studies of denitrification enzyme activity conducted on Quaternary sediments in the 
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watershed indicated that high denitrification enzyme activity (DEA) occurred in alluvium, sand 
units within till, and a "high carbon" loess unit. DEA was affected by the in situ carbon 
content of sediments, thus distribution of organic C likely controls denitrification within the 
watershed. Most sediments exhibiting high DEA (except Holocene alluvium) occur> 15 m 
below the ground surface. However, field investigation of denitrification indicates that 
denitrification occurs within 3 to 10m below the ground surface, where sediments exhibiting 
low DEA (late Wisconsinan and Pre-Illinoian tills) typically occur. More research is needed 
to resolve the discrepancies between the field and laboratory data. 
The above results compliment an investigation of the major aquifers used for drinking 
water supplies in the Walnut Creek watershed. Forty-seven private wells were sampled for 
nitrogen species (N03-N and NH4-N), pesticides (atrazine, alachlor, metolachlor, and 
metribuzin), and redox species (Fe, Mn, S04, CH4)(Simpkins et al. 1993b). The private wells 
showed no evidence of substantial contamination. Concentrations ofN03-N and the 
pesticides were below detection limits in all wells in the watershed. Four wells had tritium 
activities indicating modern source of water, but the N03-N, Cl, and pesticide concentrations 
and coliform bacteria counts indicated no contamination. Similar to the overlying aquitard, 
low redox potentials prevail in the aquifers (i.e. low Eh values, high Fe concentrations, and the 
presence of methane within one Pre-Illinioan gravel unit). This redox environment is hostile 
to N03-N, and may prevent widespread contamination of deep aquifers in the future. 
Whereas N03-N contamination of deep aquifers is unlikely, the elevated N03-N 
concentrations in shallow groundwater adversely affect both surface water and groundwater 
87 
quality. Although our study indicates that denitrification occurs in groundwater, a substantial 
amount ofN03-N laden water is transported within tile drainage systems and often discharged 
directly into Walnut Creek. Tile drainage systems are located above the zone of 
denitrification, thus some groundwater is transported without the benefit of denitrification 
processes. As Walnut Creek exits the watershed, it recharges a shallow alluvial aquifer with 
high N03-N water. This aquifer is a potential source of drinking water for surrounding 
communities. 
88 
REFERENCES 
Baker, J.L., and H.P. Johnson. 1981. Nitrate-nitrogen in tile drainage as affected by 
fertilization. J. Environ. Qual. 10(4):519-522. 
Hallberg, G.R 1987. The impacts of agricultural chemicals on ground water quality. 
Geo.lournaI15.3:283-295. 
Hallberg, G.R., and D.R Keeney. 1993. Nitrate. In W.M. Alley (ed.) Regional Ground-Water 
Quality, pp. 297-322. Van Nostrand Reinhold, New York. 
Keeney, D. 1986. Sources of nitrate to groundwater. CRC Critical Reviews in Environmental 
Control 16(3):257-304. 
Madison, RJ., and 1.0. Brunett. 1985. Overview of the occurrence of nitrate in groundwater 
of the United States. National Water Summary 1984- Hydrologic events, selected 
quality trends and groundwater resources, Water Supply Paper 2275, pp. 93-105. U.S. 
Geol. Surv., Washington, D.C. 
Parkin, T.B., and W.W. Simpkins. 1995. Contemporary groundwater methane production 
from Pleistocene carbon. J. Environ. Qual. 24:367-372. 
Qui, Z. 1993. Age of groundwater in the aquifers and confining units of central Iowa, 131 
pp. M.S. Thesis. Iowa State Univ. 
Sauer, P.A, and 1.L. Hatfield. 1994. Walnut Creek watershed research protocol report 1994. 
Bulletin No. 94-1, USDA-ARS National Soil Tilth Laboratory, Ames, lA. 
Schepers, 1.S., M.G. Moravek, E.E. Alberts, and K.D. Frank. 1991. Maize production 
impacts on groundwater quality. J. Environ. Qual. 20:12-16. 
Simpkins, W.W., T.B. Parkin, AR Ariffin, B.L. Johnson, and Z.Qiu. 1993a. Application of 
isotope, major, and trace element geochemistry to assess groundwater contamination 
potential in the Walnut Creek basin. Agricultural Research to Protect Water Quality 
Conference Proceedings, February 21-24, Minneapolis, MN. 541-542 pp. 
Simpkins, W.W., AR Ariffin, W.D. Gibbons, and B.L. Johnson. 1993b. Water quality in 
private wells within the Walnut Creek watershed. "Water, water, everywhere ... ", 
Guidebook 58, pp. 91-93. Iowa Geol. Surv., Iowa City, IA 
89 
Simpkins, W.W., and T.B. Parkin. 1993. Hydrogeology and redox geochemistry ofCH4 in a 
late Wisconsinan till and loess sequence in central Iowa. Water Resour. Res. 
29(11):3643-3657. 
Spalding, R.F., J.R. Gormly, B.H. Curtiss, and M.E. Exner. 1978. Nonpoint nitrate 
contamination of ground water in Merrick County, Nebraska. Ground Water 
16(2):86-95. 
90 
ACKNOWLEDGEMENTS 
I wish to thank my committee members for all their help: Bill Simpkins, my thesis 
advisor, for helping me establish a thesis topic, procuring funding for the projects, critical 
reviews of my thesis, and all other help extended in between. Tim Parkin, for allowing me to 
perform all the denitrification work in his lab and instruction on how the experiment should 
proceed. Carl Jacobson, for his helpful comments and suggestions regarding my thesis. 
Funding for this project was provided by the EPA MASTER intiative, the MSEA program, 
and Geological Survey of America Student Research Grants. 
I would also like to thank individuals from the National Soil Tilth Laboratory for their 
help with this thesis project a~d other field work conducted in the Walnut Creek watershed. 
Donna Schmidtz and Karen Keck lended their surveying and GPS expertise, Alvarus Chan 
helped with the GC, and Otis Smith and Eva Pursey allowed me "first dibs" on laboratory 
equipment. I appreciate the extra help in the field with sampling and drilling by the following 
ffi,\tfJP\ 
students in the Geology department, Mike Weis, Miire'Brown, Felix Oyarzabal, and Rachel 
Ames, and my siblings, Joey Shelton and Marsha Johnson, who would travel so far just to 
help their big sister. 
I especially want to thank Greg Caron and Jim Eidem, not only for their devotion to 
me and my unending problems in the field, but for sharing an office with a disorganized slob 
and allowing me entry in the fascinating realm of the male mind. 
91 
APPENDIX A 
Ta
bl
e 
1. 
W
ell
 D
im
en
sio
ns
 a
t t
he
 W
aln
ut
 C
re
ek
-C
en
tra
l T
ra
ns
ec
t. 
D
at
a 
in 
v
er
tic
al 
m
et
er
s. 
G
ro
un
d 
St
ic
ku
p 
To
p 
o
f p
ip
e 
D
ep
th
 to
 
El
ev
at
io
n 
o
f 
D
ep
th
 to
 
El
ev
at
io
n 
o
f 
El
ev
at
io
n 
o
f 
Pi
ez
om
et
er
 
el
ev
at
io
n 
he
ig
ht
 
el
ev
at
io
n 
pl
ug
 to
p 
pl
ug
 to
p 
pi
ez
. b
ot
to
m
 
pi
ez
. b
ot
to
m
 
m
id
po
in
t 
G
eo
lo
gy
 
B
T-
5 
30
5.
02
6 
0.
80
5 
30
5.
83
1 
0.
91
 
30
4.
11
2 
1.
84
 
30
3.
18
2 
30
3.
64
7 
LW
ox
. t
ill
 
B
T
-I
0 
30
5.
02
7 
0.
75
6 
30
5.
78
3 
2.
23
 
30
2.
79
2 
3.
17
 
30
1.
85
6 
30
2.
32
4 
L
W
ox
. t
ill
 
B
PW
-1
2 
30
5.
05
1 
0.
83
2 
30
5.
88
3 
0.
75
· 
30
4.
30
1 
3.
73
 
30
1.
31
6 
30
2.
67
4 
LW
ox
. t
ill
 
B
T-
15
 
30
5.
01
5 
0.
81
1 
30
5.
82
6 
4.
34
 
30
0.
67
0 
5.
28
 
29
9.
73
1 
30
0.
20
1 
LW
 u
n
o
x
. 
til
l 
B
T-
25
 
30
4.
99
6 
0.
78
7 
30
5.
78
3 
6.
78
 
29
8.
21
3 
7.
85
 
29
7.
14
5 
29
7.
67
9 
LW
 u
n
o
x
. 
til
l 
B
T-
50
 
30
4.
93
5 
0.
80
2 
30
5.
73
6 
14
.4
8 
29
0.
45
3 
16
.1
6 
28
8.
77
6 
28
9.
61
5 
LW
 u
n
o
x
. 
til
l 
B
T-
75
 
30
4.
83
6 
0.
77
3 
30
5.
60
9 
22
.8
7 
28
1.
97
0 
23
.9
3 
28
0.
90
3 
28
1.
43
6 
W
lo
es
s 
B
T
-I
00
 
30
4.
75
9 
0.
79
6 
30
5.
55
4 
30
.2
7 
27
4.
48
4 
31
.0
4 
27
3.
72
2 
27
4.
10
3 
Y-
S 
pa
le
os
ol
 
B
T-
5A
 
30
5.
03
4 
0.
84
5 
30
5.
87
9 
0.
75
 
30
4.
28
7 
1.
51
 
30
3.
52
5 
30
3.
90
6 
LW
ox
. t
ill
 
B
T
-I
0A
 
30
5.
07
3 
0.
76
9 
30
5.
84
2 
2.
39
 
30
2.
68
3 
3.
18
 
30
1.
89
4 
30
2.
28
8 
LW
ox
. t
ill
 
B
T-
15
A
 
30
5.
06
2 
0.
82
6 
30
5.
88
8 
4.
35
 
30
0.
71
4 
5.
11
 
29
9.
95
2 
30
0.
33
3 
L W
 u
n
o
x
. 
til
l 
B
M
-5
 
30
0.
86
9 
0.
81
3 
30
1.
68
2 
0.
76
 
30
0.
10
7 
1.
68
 
29
9.
19
2 
29
9.
65
0 
LW
ox
. t
ill
 
BM
-1
O
 
30
0.
85
7 
0.
82
2 
30
1.
67
9 
1.
19
 
29
9.
66
8 
2.
29
 
29
8.
57
0 
29
9.
11
9 
LW
 tr
an
sit
io
n 
\0
 
N
 
B
M
-1
5 
30
0.
93
5 
0.
81
3 
30
1.
74
8 
3.
66
 
29
7.
27
7 
4.
70
 
29
6.
24
0 
29
6.
75
8 
LW
 u
n
o
x
. 
til
l 
B
M
-2
5 
30
0.
89
0 
0.
85
3 
30
1.
74
2 
6.
78
 
29
4.
10
6 
7.
82
 
29
3.
06
6 
29
3.
58
6 
LW
 u
n
o
x
. 
til
l 
B
M
-4
0 
30
1.
01
5 
0.
75
5 
30
1.
77
0 
11
.3
4 
28
9.
67
3 
12
.3
5 
28
8.
66
7 
28
9.
17
0 
W
lo
es
s 
B
M
-6
0 
30
1.
07
2 
0.
81
3 
30
1.
88
5 
18
.1
1 
28
2.
96
3 
19
.2
1 
28
1.
86
5 
28
2.
41
4 
W
lo
es
s 
B
C-
5 
29
7.
17
0 
0.
98
4 
29
8.
15
4 
0.
64
 
29
6.
53
0 
1.
52
 
29
5.
64
5 
29
6.
08
8 
H
al
lu
vi
um
 
BC
-1
O
 
29
7.
24
4 
0.
76
2 
29
8.
00
5 
2.
16
 
29
5.
07
9 
3.
23
 
29
4.
01
2 
29
4.
54
5 
LW
 un
o
x
. 
til
l 
B
C-
15
 
29
7.
26
6 
0.
82
0 
29
8.
08
5 
4.
54
 
29
2.
72
3 
5.
61
 
29
1.
65
6 
29
2.
18
9 
W
lo
es
s 
B
C-
25
 
29
7.
32
5 
0.
78
2 
29
8.
10
7 
7.
62
 
28
9.
70
3 
8.
69
 
28
8.
63
6 
28
9.
17
0 
W
lo
es
s 
B
C
-4
0 
29
7.
27
2 
0.
80
5 
29
8.
07
7 
12
.2
0 
28
5.
07
7 
13
.2
1 
28
4.
06
2 
28
4.
57
0 
Y-
S 
pa
le
os
ol
 
B
C
-5
A
 
29
6.
95
5 
0.
59
7 
29
7.
55
2 
2.
32
 
29
4.
63
5 
3.
23
 
29
3.
72
0 
29
4.
17
8 
LW
 u
n
o
x
. 
til
l 
B
C
-1
5A
 
29
7.
11
1 
0.
57
2 
29
7.
68
3 
5.
45
 
29
1.
66
6 
6.
36
 
29
0.
75
1 
29
1.
20
9 
W
lo
es
s 
BC
-3
O
A
 
29
7.
26
8 
0.
56
5 
29
7.
83
3 
9.
86
 
28
7.
40
5 
10
.7
8 
28
6.
48
7 
28
6.
94
6 
W
lo
es
s 
B
H
-1
30
 
30
7.
34
4 
0.
80
8 
30
8.
15
2 
39
.2
68
 
26
8.
07
5 
40
.7
8 
26
6.
56
6 
26
7.
32
1 
PI
 u
n
o
x
. 
til
l 
L
W
 de
no
te
s l
ate
 W
isc
on
sin
an
. 
W
 d
en
ot
es
 W
isc
on
sin
an
. 
Y-
S 
de
no
te
s Y
an
no
ut
h-
Sa
ng
am
on
. 
H
 d
en
ot
es
 H
ol
oc
en
e.
 
PI
 de
no
te
s P
re
-D
1in
oia
n. 
ox
. 
de
no
te
s o
x
id
ize
d.
 
u
n
o
x
. 
de
no
te
s u
n
o
x
id
iz
ed
. 
pi
ez
. d
en
ot
es
 p
ie
zo
m
et
er
. 
•
 
in
di
ca
te
s a
pp
ro
x.
 d
ep
th
 to
 s
cr
ee
n
. 
Ta
bl
e 2
. 
W
ell
 d
im
en
sio
ns
 at
 th
e W
aln
ut
 C
re
ek
-E
as
te
rn
 T
ra
ns
ec
t. 
D
at
a 
in 
ve
rti
ca
l m
et
er
s. 
Gr
ou
nd
 
St
ick
up
 
To
p 
o
f p
i p
c 
D
ep
th
 to
 
El
ev
ati
on
 o
f 
De
pth
 to
 
El
ev
ati
on
 o
f 
El
ev
ati
on
 o
f 
Pi
ez
om
ete
r 
ele
va
tio
n 
he
ig
ht
 
ele
va
tio
n 
pl
ug
 to
p 
pl
ug
 to
p 
pie
z. 
bo
tto
m
 
pi
ez
. b
ot
to
m
 
m
idp
oin
t 
G
eo
lo
gy
· 
VF
·.5
 
29
6.4
.5.
5 
0.
71
8 
29
7.
17
3 
0.
73
8 
29
.5
.7
18
 
1.
67
6 
29
4.
77
9 
29
.5
.2
48
 
LW
 o
x.
 ti
ll 
V
F·
I0
 
29
6 .
 .
50
7 
0.
70
8 
29
7.
21
.5
 
2.
23
4 
29
4.
27
3 
3.3
.53
 
29
3.
1.
54
 
29
3.
71
4 
LW
 o
x.
 ti
ll 
V
Fl
.5
 
29
6 .
 .
51
3 
0.
71
4 
29
7.
22
8 
3.
81
0 
29
2.
70
3 
4.
72
4 
29
1.
78
9 
29
2.
24
6 
PI
 o
x.
 ti
ll 
V
F·
2.
5 
29
6 .
 .
54
4 
0.7
2.5
 
29
7.
26
9 
6.
79
7 
28
9.
74
7 
7.
62
0 
28
8.
92
4 
28
9.3
3.5
 
PI
 o
x.
 ti
ll 
V
F·
3.5
 
29
6 .
 .
50
9 
0.
73
7 
29
7.
24
.5
 
10
 . .5
92
 
28
.5
.9
17
 
11
..5
31
 
28
4.
97
8 
28
5.
44
7 
PI
 tr
an
sit
io
n 
V
F·
.50
 
29
6 .
 .
54
5 
0.
75
9 
29
7.
30
3 
14
.3
26
 
28
2.
21
9 
15
.2
40
 
28
1.
30
.5
 
28
1.
76
2 
PI
 u
no
x.
 ti
ll 
V
F·
75
 
29
6.
61
3 
0.
71
4 
29
7.
32
7 
21
.9
70
 
27
4.
64
3 
23
.0
12
 
27
3.
60
0 
27
4.
12
1 
PI
 u
no
x.
 ti
ll 
V
F·
I0
0 
29
6.
63
3 
0.
70
5 
29
7.
33
8 
30
.3
28
 
26
6.
30
5 
31
.2
42
 
26
5.
39
1 
26
5.
84
8 
PI
 u
no
x.
 ti
ll 
V
F·
5A
 
29
6.
36
7 
0.
74
3 
29
7.
10
9 
0.
83
2 
29
5.
53
4 
l..
59
4 
29
4.
77
2 
29
5.
15
3 
LW
 ox
. 
til
l 
V
F·
I0
A
 
29
6.
39
1 
0.
64
5 
29
7.
03
6 
2.
38
7 
29
4.
00
4 
3.
14
9 
29
3.
24
2 
29
3.
62
3 
LW
 ox
. 
til
l 
V
F·
15
A
 
29
6.
39
6 
0.
68
9 
29
7.
08
5 
3.
88
0 
29
2.
51
6 
4.
42
0 
29
1.
97
6 
29
2.
24
6 
PI
 o
x.
 ti
ll 
V
M
·5
 
29
5.
02
0 
0.
81
0 
29
.5
.8
29
 
0.
61
0 
29
4.
41
0 
1.6
1.5
 
29
3.
40
4 
29
3.
90
7 
LW
 ox
. 
til
l 
1.
0 
V
M
·I
0 
29
.5
.0
24
 
0.
79
1 
29
5.
81
5 
2.
26
2 
29
2.
76
2 
3.
22
5 
29
1.
79
9 
29
2.
28
1 
LW
 o
x.
 ti
ll 
w
 
V
M
·1
5 
29
4.
99
5 
0.
76
5 
29
5.
76
0 
3.
73
4 
29
1.
26
1 
4.
67
3 
29
0.
32
2 
29
0.
79
2 
LW
 ox
. 
til
l 
V
M
·2
5 
29
4.
98
5 
0.
79
7 
29
.5
.7
82
 
6.
76
7 
28
8.
21
8 
7.
77
2 
28
7.
21
3 
28
7.
71
5 
W
lo
es
s 
V
M
·5
0 
29
4.
99
3 
0.7
.59
 
29
5.
7.
52
 
14
.2
95
 
28
0.
69
8 
15
.3
41
 
27
9.
65
2 
28
0.
17
5 
PI
 o
x.
 ti
ll 
V
M
·7
5 
29
4.
91
9 
0.7
00
5 
29
05
.62
4 
21
.91
05
 
27
3.
00
4 
23
.0
89
 
27
1.
83
1 
27
2.
41
7 
PI
 u
no
x.
 ti
ll 
V
A
N
·S
 
28
0.
32
4 
0.
91
8 
28
1.
24
2 
0.
76
2 
27
9.0
56
2 
1.
67
6 
27
8.
64
8 
27
9.1
00
5 
H
al
lu
vi
um
 
V
A
N
· 1
 0 
28
0.
34
3 
0.
92
1 
28
1.
26
4 
1.8
05
9 
27
8.
48
4 
2.
89
6 
27
7.
44
8 
27
7.
96
6 
H
al
lu
vi
um
 
V
A
N
· 1
 05 
28
0.
40
2 
0.
94
0 
28
1.
34
2 
3.
41
4 
27
6.
98
8 
4.1
10
5 
27
6.
28
7 
27
6.
63
8 
H
al
lu
vi
um
 
V
A
N
·2
.5 
28
0.
46
9 
0.
87
6 
28
1.3
40
5 
6.
70
6 
27
3.
76
3 
7.0
56
8 
27
2.
90
1 
27
3.
33
2 
H
al
lu
vi
um
 
V
A
N
·.5
0 
28
0.
48
7 
0.
87
3 
28
1.
36
0 
10
5.1
64
 
26
05
.32
3 
16
.21
05
 
26
4.
27
1 
26
4.
79
7 
PI
 u
no
x.
 ti
ll 
V
A
S·
S 
27
8.
99
3 
0.
94
9 
27
9.
94
2 
0.
68
6 
27
8.
30
7 
1.6
05
2 
27
7.
34
1 
27
7.
82
4 
H
al
lu
vi
um
 
V
A
S·
I0
 
27
8.9
05
4 
0.
93
3 
27
9.
88
7 
2.
00
6 
27
6.
94
8 
2.
84
4 
27
6.
11
0 
27
6.
52
9 
H
al
lu
vi
um
 
V
A
S·
 1 0
5 
27
8.
91
8 
0.
90
2 
27
9.
82
0 
3.0
50
.5 
27
05
.41
3 
4.
42
0 
27
4.
49
9 
27
4.
9.
56
 
PI
 u
no
x.
 ti
ll 
V
A
S·
2S
 
27
8.
85
9 
0.
93
7 
27
9.
79
5 
7.
04
1 
27
1.
81
8 
7.
82
4 
27
1.
03
.5
 
27
1.
42
6 
PI
 u
no
x.
 ti
ll 
V
A
S·
50
 
27
8.
81
6 
0.9
05
3 
27
9.
76
8 
10
5.0
88
 
26
3.
72
8 
16
.3
37
 
26
2.
47
8 
26
3.
10
3 
PI
 u
no
x.
 ti
ll 
V
A
S·
SA
 
27
8.
86
6 
0.
79
0 
27
9.6
.50
5 
3.
37
4 
27
05
.49
2 
4.
02
0 
27
4.
84
6 
27
5.
16
9 
PI
 tr
an
sit
io
n 
V
A
S·
lS
A
 
27
8.9
20
5 
0.
77
3 
27
9.
69
8 
8.
90
0 
27
0.0
20
5 
9.8
10
5 
26
9.
11
0 
26
9.0
56
7 
PI
 u
no
x.
 ti
ll 
V
A
S·
3O
A
 
27
8.
81
8 
0.
70
7 
27
9.0
52
05
 
PI
 u
no
x.
 ti
ll 
•
 A
bb
re
vi
ati
on
s s
im
ila
r t
o 
A
pp
en
di
x 
A
. 
-
-
-
de
no
tes
 n
ot
 d
ete
nn
in
ed
. 
Ta
bl
e 
3:
 H
yd
ra
ul
ic
 h
ea
d 
da
ta
 a
t t
he
 W
al
nu
t C
re
ek
-C
en
tra
l T
ra
ns
ec
t. 
D
at
a 
in
 v
er
tic
al
 m
et
er
s.
 
Pi
ez
om
et
er
 
8/2
11
93
 
8/2
S1
93
 
8/
27
/9
3 
8/
31
19
3 
9/3
19
3 
9n
t9
3 
9/
10
/9
3 
9/2
41
93
 
10
/11
93
 
10
/61
93
 
11
12
19
3 
12
11
61
93
 
BT
·S
 
30
4.
06
2 
30
4.
00
1 
30
3.
90
0 
30
4.
36
1 
30
4.
07
4 
30
3.
94
6 
30
3.
84
S 
30
3.
68
1 
30
3.
63
S 
30
3.
30
0 
dr
y 
B
T
·I
0 
30
4.
0S
9 
30
3.
99
8 
30
3.
90
4 
30
4.
3S
S 
30
4.
08
1 
30
3.
9S
0 
30
3.
8S
2 
30
3.
68
1 
30
3.
63
9 
30
3.
28
8 
30
2.
88
0 
B
PW
·1
2 
30
4.
0S
6 
30
3.
92
8 
30
3.
82
7 
30
3.
67
S 
30
3.
63
S 
30
3.
32
1 
30
2.
92
S 
B
T·
lS
 
30
4.
09
6 
30
4.
0S
4 
30
3.
97
7 
30
4.
27
0 
30
4.
1S
1 
30
4.
01
1 
30
3.
93
2 
30
3.
73
4 
30
3.
70
0 
30
3.
3S
3 
30
2.
86
8 
BT
·2
S 
30
3.
86
1 
30
4.
07
S 
30
4.
01
4 
30
3.
98
3 
30
4.
1S
4 
30
4.
02
0 
30
3.
94
4 
30
3.
7S
2 
30
3.
71
2 
30
3.
40
4 
30
2.
92
3 
BT
·SO
 
29
0.
39
8 
29
1.
62
6 
29
2.
27
2 
29
3.
36
0 
29
4.
12
8 
29
S.
02
4 
29
S.
67
4 
29
8.
09
4 
29
9.
02
9 
29
9.
64
2 
30
1.
70
8 
30
2.
84
S 
BT
·7
S 
28
4.
S1
6 
28
1.
48
4 
28
6.
86
9 
28
8.
24
1 
28
9.
21
0 
29
0.
33
8 
29
1.
1S
8 
29
4.
26
0 
29
S.4
9S
 
29
6.
28
1 
29
9.
01
2 
30
0.
82
2 
B
T
·I
00
 
27
3.
99
2 
27
4.
37
3 
27
4.
60
2 
27
4.
98
9 
27
S.
29
0 
27
S.
66
8 
27
S.
94
6 
27
7.
14
7 
27
7.
71
7 
27
8.
10
4 
27
9.
90
2 
28
2.
20
0 
B
T·
SA
 
30
3.
80
7 
30
3.
76
0 
dr
y 
dr
y 
B
T
·I
0A
 
30
2.
97
7 
B
T·
lS
A
 
30
3.
8S
S 
30
3.
78
1 
30
3.
46
0 
30
3.
01
4 
B
M
·S
 
29
9.
43
9 
29
9.
39
0 
29
9.
33
8 
29
9.
33
2 
B
M
·lO
 
29
9.
41
4 
29
9.
3S
9 
29
9.
30
8 
29
9.
27
1 
B
M
·lS
 
29
9.
24
8 
29
9.
08
4 
29
9.
19
7 
29
9.
0S
9 
\0
 
B
M
·2
S 
29
9.
24
6 
29
8.
91
6 
29
9.
20
6 
29
8.
97
1 
~
 
BM
-4
O
 
29
2.
0S
6 
29
3.
83
6 
29
4.
99
4 
29
7.
S3
0 
29
8.
64
6 
B
M
-6
0 
28
3.
93
3 
28
4.
S3
3 
28
4.
9S
4 
28
S.4
81
 
28
S.
87
7 
28
6.
97
8 
28
8.
43
2 
28
9.
01
1 
29
1.
79
6 
29
4.
6S
S 
BC
-S
 
29
7.
22
8 
.
 
29
7.
19
S 
29
7.
14
0 
29
7.
10
6 
29
7.
06
1 
29
6.
97
8 
29
6.9
S1
 
B
C
·lO
 
dr
y 
29
4.
1S
6 
29
4.
34
S 
29
4.
48
2 
29
S.
96
7 
29
4.4
2S
 
29
6.
26
S 
29
6.
40
6 
BC
-lS
 
29
2.
19
1 
29
3.
46
2 
29
4.
80
6 
29
S.S
01
 
29
6.
S8
9 
29
3.
61
S 
29
6.
60
8 
29
6.
4S
S 
BC
-2
S 
29
S.
12
7 
29
6.
0S
7 
29
6.
42
S 
29
6.S
41
 
29
6.6
7S
 
29
6.
07
8 
29
6.
72
7 
29
6.
61
7 
B
C
-4
0 
29
S.
60
6 
29
S.
60
9 
29
S.
61
S 
29
S.
60
6 
29
2.
61
9 
28
4.
S0
6 
28
4.
66
4 
28
S.
S0
6 
BC
-S
A 
29
S.
39
9 
29
S.
46
8 
B
C
·lS
A 
29
3.
3S
7 
29
S.
1S
0 
B
C
-3
0A
 
29
S.7
21
 
29
6.
10
7 
B
H
·1
30
 
26
7.
93
3 
26
8.
04
0 
26
8.
14
6 
26
8.
34
4 
26
8.
49
4 
26
8.
44
2 
26
8.
8S
9 
26
9.
6S
8 
27
0.
08
2 
27
0.
42
6 
27
2.
00
2 
26
8.
68
6 
St
ag
e 
29
6.
07
4 
29
S.
98
9 
29
6.
03
4 
29
S.
96
4 
29
S.
87
9 
29
S.
83
6 
Pi
ez
an
et
er
 
BT
·.5
 
BT
·IO
 
BP
W
·1
2 
BT
·I.
5 
BT
·2.
5 
BT
·.5
0 
BT
·7.
5 
BT
·lO
O 
BT
·.5
A 
B
T·
IO
A
 
BT
·I.
5A
 
BM
·.5
 
B
M
·lO
 
BM
·I.
5 
BM
·2.
5 
BM
-4
0 
BM
-6
0 
BC
-.5
 
B
C
-I
0 
BC
-1
5 
BC
-2
5 
BC
-4
O 
BC
-5
A
 
BC
-1
5A
 
BC
-3
OA
 
BH
·1
30
 
St
ag
e 
11
31
93
 
dr
y 
30
2.
80
1 
30
2.
83
4 
30
2.
80
1 
30
2.
83
1 
29
.5.
12
.5 
28
9.
82
6 
27
8.
04
9 
dr
y 
30
2.
88
9 
30
2.
90
2 
dr
y 
29
9.
19
8 
29
9.
00
8 
29
8.8
71
 
29
4.4
.58
 
28
9.
21
8 
29
6.
69
8 
29
4.
79
0 
29
5.
78
8 
29
6.
28
8 
28
4 .
 .
50
6 
29
4.2
8.5
 
29
2.
78
4 
2/
6/9
3 
dr
y 
30
2 .
 .
59
0 
30
2.
62
0 
30
2.
63
9 
29
6.
71
7 
28
0.
34
7 
dr
y 
30
2.
69
9 
dr
y 
29
8.
93
0 
29
8.
77
3 
29
8.6
4.5
 
29
7.
77
4 
29
6.
34
7 
29
.5.
97
0 
29
.5.
98
6 
28
4.
64
9 
29
4.
34
2 
27
1.
96
8 
29
.5.
76
9 
2/1
81
93
 
dr
y 
30
2 .
 .
52
9 
30
2 .
 .
5.5
6 
30
2 .
 .
51
8 
30
2 .
 .
53
6 
30
0 .
 .
59
6 
29
7.
97
0 
28
0.
98
7 
dr
y 
30
2 .
 .
59
2 
30
2.
62
6 
dr
y 
29
8.
82
0 
29
8.6
.57
 
29
8 .
 .
54
2 
29
8.
08
8 
29
.5.
23
1 
29
6.
61
0 
29
.5.
97
3 
29
.5.
91
9 
29
.5.
98
7 
28
4.
70
4 
29
.5.
40
1 
29
4 .
 .
58
8 
29
5.
86
1 
27
2.
60
2 
31
31
94
 
dr
y 
30
2.
63
3 
30
2.
64
8 
30
2.
62
1 
30
2.
62
1 
30
1.
26
6 
29
8.
94
8 
28
1.
64
2 
dr
y 
30
2.
67
3 
30
2.
69
5 
dr
y 
29
8.9
0.5
 
29
8.
70
9 
29
8.
52
6 
29
8.2
.52
 
29
.5.
96
3 
29
6.
16
8 
29
.5.
90
4 
29
.5.
92
9 
28
4.
98
8 
29
.5 .
 .
57
8 
29
4.
79
9 
29
.5.
83
5 
27
3.
27
0 
29
.5.
87
9 
3/1
51
94
 
dr
y 
30
2.
73
1 
30
2.
73
6 
30
2.
69
7 
30
2.
70
9 
30
1.
70
8 
29
9.
60
3 
28
2.
19
4 
dr
y 
30
2.
76
6 
30
2.7
.56
 
dr
y 
29
9.
08
8 
29
8.8
55
 
29
8.6
1.5
 
29
8.
32
9 
29
6.
44
4 
29
6.2
93
 
29
.5.
91
6 
29
.5.
90
4 
28
.5.
27
4 
29
.5.
68
4 
29
4.
94
8 
29
.5.
83
9 
41
11
94
 
dr
y 
30
2.
67
0 
30
2.
68
4 
30
2.
63
6 
30
2.
61
2 
30
2.
07
1 
30
0.
16
7 
28
2.
85
2 
dr
y 
30
2.
63
7 
30
2.
76
0 
29
9.
39
0 
29
9.
35
9 
29
9.
01
4 
29
8.6
91
 
29
8.
34
1 
29
6.
84
4 
29
6 .
 .
5.5
.5 
29
6.
25
3 
29
.5.
8.5
.5 
29
.5.
82
.5 
28
5 .
 .
58
2 
29
.5.
72
7 
29
.5.
08
4 
29
.5.
78
3 
27
4 .
 .
58
6 
29
.5.
83
0 
41
18
19
4 
dr
y 
dr
y 
30
2.
63
5 
30
2.
60
6 
30
2.
58
4 
30
1.
42
8 
30
0.
58
2 
28
3.
45
0 
dr
y 
30
2.
65
6 
30
2.
65
4 
29
9.
50
9 
29
9.
47
5 
29
9.1
51
 
29
8.
81
6 
29
7.
64
9 
29
7.
13
0 
29
6 .
 .
52
7 
29
.5 .
 .
59.
5 
29
.5 .
 .
56.
5 
29
.5.
77
0 
28
.5.
88
7 
29
4.
74
4 
29
4.
42
2 
29
5.7
23
 
27
.5.
26
6 
29
5.8
61
 
51
21
94
 
dr
y 
dr
y 
30
2.
63
2 
30
2.
57
8 
30
2.
56
6 
30
1.
86
7 
30
0.
84
4 
28
3.
91
6 
dr
y 
30
2.
65
8 
30
2.
65
6 
29
9.4
23
 
29
9.4
02
 
29
9.2
45
 
29
8.
91
6 
29
8.
07
9 
29
7.2
73
 
29
6 .
 .
52
1 
29
6.
01
9 
29
.5.
74
2 
29
5.
73
4 
28
6.1
.5.
5 
29
.5.
38
6 
29
4.7
.56
 
29
5 .
 .
59
4 
27
.5.
82
7 
29
5.8
.55
 
5/1
81
94
 
dr
y 
dr
y 
30
2.
62
9 
30
2.
57
2 
30
2.
56
0 
30
2.
16
5 
30
0.
94
1 
28
4.
45
5 
dr
y 
30
2.
66
3 
30
2.
65
0 
29
9.
39
6 
29
9.
35
6 
29
9.
20
9 
29
8.
94
4 
29
8.
31
0 
29
7.3
01
 
29
6.
29
9 
29
6.
19
8 
29
.5.
8.5
.5 
29
.5.
74
9 
28
6.3
71
 
29
.5.
6.5
6 
29
.5.
0.5
6 
29
.5.
65
2 
27
6.
44
6 
29
5.8
45
 
.
51
31
19
4 
dr
y 
30
2.
54
5 
30
2.
57
1 
30
2.
54
8 
30
2.
56
6 
30
2.
30
6 
30
1.
07
2 
28
4.
83
3 
dr
y 
30
2.
60
5 
30
2.
64
3 
29
9.
19
8 
29
9.
10
3 
29
9.0
41
 
29
8.
86
2 
29
8.
39
3 
29
7.
38
3 
29
6.
13
1 
29
6.
18
6 
29
.5.
91
0 
29
.5.
77
6 
28
6.6
1.5
 
29
.5.
83
.5 
29
.5.
23
2 
29
.5.
63
9 
27
6.
90
9 
29
.5.
82
7 
6/1
01
94
 
dr
y 
30
2.
48
7 
30
2.
52
3 
30
2.
49
0 
30
2.
50
2 
30
2.
37
6 
30
1.
12
4 
28
5.1
26
 
dr
y 
30
2.5
51
 
30
2.
59
6 
dr
y 
29
8.9
0.5
 
29
8.
86
4 
29
8.7
55
 
29
8.4
11
 
29
7.4
32
 
29
6.2
3.5
 
29
6.
17
4 
29
.5.
93
4 
29
.5.
78
8 
28
6.
79
2 
29
.5.
94
.5 
29
.5.
36
4 
29
.5.
62
2 
29
.5.
87
3 
\0
 
V
l 
Pi
ez
om
ete
r 
6/2
$1
94
 
61
28
19
4 
7/1
41
94
 
81
10
19
4 
8/2
11
94
 
91
11
94
 
91
1$
19
4 
91
29
19
4 
10
11
81
94
 
11
12
19
4 
12
14
19
4 
B
T
·$
 
dr
y 
dr
y 
dr
y 
dr
y 
dr
y 
dr
y 
dr
y 
dr
y 
dr
y 
dr
y 
dr
y 
B
T
·I
0 
30
2.
44
4 
30
2.
43
2 
dr
y 
30
1.
9$
3 
dr
y 
dr
y 
dr
y 
dr
y 
dr
y 
dr
y 
dr
y 
B
PW
·1
2 
30
2.
48
0 
30
2.
46
8 
30
2.
38
7 
30
1.
97
9 
30
1.
83
2 
30
1.
61
9 
30
1.
$2
0 
30
1.
38
0 
dr
y 
dr
y 
dr
y 
B
T
·l
$ 
30
2.
46
9 
30
2.
4$
4 
30
2.
36
$ 
30
2.
03
6 
30
1.
89
0 
30
1.
67
0 
30
1.
64
9 
30
1.
48
1 
30
1.
39
9 
30
1.
34
3 
30
1.
30
1 
B
T
·2
$ 
30
2.
48
7 
30
2.
46
2 
30
2.
38
6 
30
2.
06
3 
30
1.
9$
0 
30
1.
76
1 
30
1.
73
7 
30
1.
$7
8 
30
1.
$1
8 
30
1.
47
$ 
30
1.
40
2 
B
T·
$O
 
30
2.
5$
0 
30
2.
44
6 
30
2.
38
2 
30
2.
33
$ 
30
2.
28
6 
30
2.
20
$ 
30
2.
14
4 
30
1.
60
8 
30
1.
70
8 
30
1.
75
4 
B
T
·7
$ 
30
1.
21
9 
30
1.
26
4 
30
1.
27
6 
30
1.
28
3 
30
1.
27
6 
30
1.
2$
8 
30
1.
27
3 
30
2.
29
1 
30
1.
93
2 
30
1.
$8
1 
B
T
·I
00
 
28
$5
98
 
28
$.
97
0 
28
6.
$1
0 
28
6.
71
4 
28
6.
89
4 
28
7.
12
2 
28
7.
33
3 
28
7.
$7
3 
28
7.
78
7 
28
8.
21
3 
B
T
·$
A 
dr
y 
dr
y 
dr
y 
dr
y 
dr
y 
dr
y 
dr
y 
dr
y 
dr
y 
dr
y 
dr
y 
B
T
·I
0A
 
30
2.
$1
0 
92
.2
00
 
92
.1
68
 
92
.0
$1
 
dr
y 
dry
 
dr
y 
dr
y 
dr
y 
dr
y 
dr
y 
B
T
·l
$A
 
30
2.
$7
2 
92
.2
10
 
92
.1
91
 
92
.0
69
 
92
.0
28
 
91
.9
61
 
91
.9
40
 
91
.9
04
 
91
.8
8$
 
91
.8
93
 
91
.9
08
 
B
M
·$
 
dr
y 
dr
y 
dr
y 
dr
y 
dr
y 
dr
y 
dr
y 
dr
y 
dr
y 
dr
y 
dr
y 
B
M
·lO
 
dr
y 
dr
y 
dr
y 
dr
y 
dr
y 
dr
y 
dr
y 
dr
y 
dr
y 
dr
y 
dr
y 
B
M
·H
 
29
8.
74
6 
29
8.
70
3 
29
8.
$1
7 
29
8.
44
3 
29
8.
29
7 
29
8.
0$
1 
29
8.
13
9 
29
8.
13
6 
29
7.
81
3 
29
7.
68
2 
29
7.
21
$ 
B
M
·2
$ 
29
8.
61
2 
29
8.
45
0 
29
8.
31
9 
29
8.
24
9 
29
8.
08
4 
29
8.
06
3 
29
8.
10
3 
29
8.
36
$ 
29
6.
99
9 
29
7.
41
7 
B
M
-4
0 
29
8.
39
3 
29
8.
32
6 
29
8.
17
9 
29
8.
14
9 
29
8.
10
6 
29
8.
04
$ 
29
8.
02
1 
29
7.
76
8 
29
7.
86
$ 
29
7.
78
$ 
B
M
-6
0 
29
7.
$0
2 
29
7.
$2
3 
29
7.
50
8 
29
7.
48
1 
29
7.
46
5 
1.
0 
29
7.
45
0 
29
7.
42
6 
29
7.
97
4 
29
7.
79
8 
29
7.
60
3 
0
\ 
B
C
-$
 
29
6.
24
4 
29
6.
1$
8 
dr
y 
29
5.
94
5 
29
$.9
15
 
dr
y 
29
$.
99
4 
29
$.9
54
 
dr
y 
dr
y 
dr
y 
B
C
-I
0 
29
6.
22
3 
29
6.
23
0 
29
5.
67
4 
29
5.
99
4 
29
6.
07
0 
29
6.
19
5 
29
6.
17
4 
29
6.
02
8 
29
5.
57
8 
29
$.6
00
 
B
C
-l
$ 
29
6.
05
0 
29
6.
10
8 
29
5.
68
1 
29
6.
19
0 
29
6.
23
9 
29
6.
33
0 
29
6.
37
3 
29
6.
31
$ 
29
6.
83
6 
29
$.8
5$
 
B
C
-2
$ 
29
5.
87
4 
29
5.
89
8 
29
5.
9$
6 
29
6.
04
4 
29
6.
06
6 
29
6.
16
9 
29
6.
22
7 
29
6.
23
0 
29
6.
48
9 
29
6.
13
3 
B
C
-4
0 
28
7.
11
2 
28
7.
36
2 
28
7.
77
3 
28
7.
93
8 
28
8.
07
8 
28
8.
29
0 
28
8.
47
4 
28
8.
73
0 
28
8.
92
8 
28
9.
25
4 
B
C
-M
 
29
6.
07
6 
29
6.
11
9 
29
$.1
$1
 
29
5.
$2
3 
29
5.
72
3 
29
$.$
95
 
29
5.
84
5 
29
5.
76
6 
29
$.7
14
 
29
$.1
60
 
B
C
-l
$A
 
29
5.
61
2 
29
$.
78
9 
29
3.
93
1 
29
4.
62
0 
29
5.
08
1 
29
5.
52
5 
29
5.
79
7 
29
5.
96
1 
29
5.
98
7 
29
5.
37
9 
B
C·
3O
A
 
29
5.
65
8 
29
5.
63
0 
29
5.
70
4 
29
5.
77
9 
29
5.
78
6 
29
6.
11
7 
29
5.
93
9 
29
5.
94
9 
29
5.
84
5 
29
5.
94
5 
B
H
·1
30
 
27
7.
88
4 
27
8.
39
3 
27
9.
06
7 
27
9.
38
4 
27
9.
67
3 
28
0.
03
6 
28
0.
38
0 
28
0.
82
2 
28
1.
17
3 
28
1.
78
5 
St
ag
e 
29
5.
82
4 
29
5.
82
4 
29
5.
68
4 
29
5.
68
1 
29
5.
80
3 
29
5.
77
8 
29
5.
90
9 
29
5.
80
6 
29
5.
81
2 
.
.
.
 
de
no
te
s n
o
t d
et
en
ni
ne
d.
 
Pi
ez
om
ete
r 
VF
-5
 
VF
-IO
 
V
F-
15
 
VF
-2
5 
VF
-3
5 
V
F-
50
 
VF
-7
5 
VF
-IO
O 
VF
-5
A 
VF
-IO
A 
V
F-
15
A 
VM
-5
 
VM
-IO
 
V
M
-1
5 
VM
-2
5 
V
M
-5
0 
VM
-7
5 
VA
N-
5 
V
A
N
-I 
0 
V
A
N
-I 
5 
VA
N-
25
 
VA
N-
SO
 
VA
S-
5 
V
A
S-
I 0
 
V
A
S·
15
 
VA
S-
25
 
V
A
S-
50
 
VA
S-
5A
 
VA
S-
15
A 
VA
S-
3O
A 
Ta
bl
e 4
. 
H
yd
ra
ul
ic 
he
ad
 d
at
a a
t t
he
 W
aln
ut
 C
re
ek
-E
as
ter
n 
Tr
an
se
ct.
 D
at
a 
in 
ve
rt
ica
l m
et
er
s. 
10
/29
19
3 
28
0.9
72
 
2n
.9
63
 
29
4.9
84
 
29
4.9
80
 
29
4.9
21
 
m
y 
29
2.7
46
 
29
2.6
55
 
29
1.8
97
 
28
5.6
37
 
m
y 
27
9.2
74
 
27
9.1
05
 
27
8.9
78
 
27
8.9
82
 
27
5.6
13
 
11
12
19
3 
m
y 
29
4.9
01
 
29
4.9
19
 
29
4.8
80
 
28
5.4
31
 
28
3.1
79
 
24
5.0
52
 
23
4.3
03
 
29
0.0
24
 
29
0.
17
0 
28
9.8
58
 
m
y 
29
2.7
16
 
29
2.6
25
 
29
1.8
39
 
28
6.3
93
 
m
y 
27
9.1
83
 
27
8.9
40
 
27
8.8
84
 
27
8.8
38
 
27
5.7
35
 
11
11
11
93
 
m
y 
28
9.2
91
 
28
9.3
53
 
28
9.1
65
 
28
6.2
71
 
28
3.7
89
 
24
7.8
02
 
23
5.3
23
 
28
9.7
20
 
28
9.8
44
 
28
9.5
54
 
m
y 
29
2.6
61
 
29
2.4
54
 
29
1.7
32
 
28
7.
49
0 
27
2.5
25
 
27
8.8
93
 
27
8.5
83
 
27
8.5
12
 
27
8.5
15
 
27
5.9
88
 
m
y 
27
6.9
32
 
2n
.2
13
 
27
2.9
39
 
27
6.6
51
 
27
8.3
74
 
26
9.5
53
 
12
14
19
3 
29
4.1
55
 
29
3.4
67
 
28
4.0
15
 
27
9.1
58
 
m
y 
29
2.6
15
 
29
2.4
11
 
29
1.4
43
 
28
7.1
88
 
27
4.6
86
 
12
15
19
3 
m
y 
27
8.0
74
 
27
8.0
52
 
27
8.0
58
 
27
1.0
48
 
m
y 
27
7.1
82
 
27
7.0
94
 
27
2.9
76
 
26
7.2
46
 
27
6.5
54
 
27
3.8
91
 
26
9.1
35
 
12
11
51
93
 
m
y 
29
4.5
86
 
29
4.6
23
 
29
4.6
18
 
29
4.1
49
 
29
3.5
22
 
27
6.2
06
 
26
7.2
93
 
m
y 
29
4.6
23
 
29
4.5
79
 
m
y 
29
2.5
97
 
29
2.2
74
 
29
1.2
63
 
28
4.5
39
 
27
5.6
34
 
m
y 
27
7.9
62
 
2n
.9
42
 
2n
.9
52
 
27
1.8
67
 
m
y 
27
6.8
53
 
2n
.0
39
 
27
2.2
17
 
26
8.1
09
 
27
6.0
79
 
27
4.2
04
 
26
9.5
78
 
11
24
19
3 
m
y 
29
4.4
82
 
29
4.4
98
 
29
4.4
87
 
29
3.9
45
 
29
3.2
17
 
28
1.1
28
 
27
0.2
09
 
m
y 
29
4.5
08
 
c
a
p 
st
uc
k 
m
y 
29
2.4
41
 
29
2.1
25
 
29
1.0
13
 
28
8.1
88
 
27
8.4
72
 
m
y 
27
7.7
54
 
2n
.7
47
 
2n
.7
47
 
27
0.2
55
 
m
y 
27
6.8
01
 
27
6.9
26
 
27
3.8
84
 
26
7.2
58
 
27
6.6
10
 
27
4.9
26
 
26
9.7
34
 
21
61
93
 
m
y 
29
4.4
18
 
29
4.4
34
 
29
4.4
29
 
29
3.9
73
 
29
3.4
61
 
28
2.3
20
 
27
1.0
63
 
m
y 
29
4.3
60
 
29
4.4
97
 
m
y 
29
2.3
35
 
29
1.9
81
 
29
0.9
03
 
28
8.3
34
 
27
9.2
52
 
m
y 
27
7.6
69
 
27
7.6
64
 
27
7.6
68
 
27
1.4
01
 
m
y 
27
6.7
71
 
27
6.8
81
 
27
4.2
32
 
26
8.3
83
 
27
6.5
84
 
27
5.0
70
 
27
0.3
16
 
21
18
/93
 
29
5.5
67
 
29
5.3
75
 
29
5.1
04
 
29
4.5
70
 
29
3.9
24
 
29
3.5
40
 
28
3.2
53
 
27
1.7
88
 
29
5.5
05
 
29
5.0
99
 
29
4.8
61
 
m
y 
29
2.2
13
 
29
1.8
90
 
29
O
.m
 
28
8.3
83
 
27
9.8
92
 
m
y 
27
8.0
10
 
2n
.9
54
 
27
7.9
39
 
27
2.2
88
 
m
y 
27
6.8
74
 
27
6.9
23
 
27
4.4
88
 
26
9.2
73
 
27
6.6
16
 
27
5.1
74
 
27
0.7
92
 
31
31
94
 
29
4.9
97
 
29
5.0
19
 
29
5.0
25
 
29
4.9
35
 
29
3.8
99
 
29
3.5
34
 
28
4.1
52
 
27
2.5
53
 
29
5.
02
4 
29
4.9
61
 
29
4.8
61
 
m
y 
29
2.4
72
 
29
2.0
21
 
29
0.7
75
 
28
8.4
19
 
28
0.5
47
 
m
y 
27
8.3
18
 
27
8.2
98
 
27
8.3
14
 
27
3.1
35
 
m
y 
27
6.9
29
 
27
7.1
98
 
27
4.7
07
 
27
0.1
29
 
27
6.6
81
 
27
5.2
90
 
27
1.2
79
 
\0
 
.
.
.
.
.
J 
Pi
CZ
IlID
cte
r 
V
F-
5 
V
F-
IO
 
V
F-
15
 
VF
-2
S 
V
F-
35
 
V
F-
50
 
V
F-
75
 
VF
-IO
O 
V
F-
5A
 
V
F-
IO
A 
V
F-
15
A 
V
M
-5
 
V
M
-IO
 
V
M
-1
5 
VM
-2
S 
V
M
-5
0 
V
M
-7
5 
VA
N-
5 
V
A
N
-I 
0 
V
A
N
-1
5 
V
A
N
-2
5 
VA
N-
SO
 
VA
S-
5 
V
A
S-
I 0
 
V
A
S-
IS
 
V
A
S-
25
 
VA
S-
SO
 
V
A
S-
5A
 
V
A
S-
15
A 
V
A
S-
30
A 
31
15
19
4 
29
5.2
23
 
29
5.2
S9
 
29
5.2
75
 
29
5.1
49
 
29
3.7
23
 
29
3.5
00
 
28
4.8
74
 
27
3.2
24
 
29
5.2
37
 
29
5.1
70
 
29
5.0
62
 
d!
y 
29
2.8
80
 
29
2.3
41
 
29
0.9
00
 
28
8.4
29
 
28
1.0
74
 
27
8.9
66
 
27
9.0
59
 
27
9.0
21
 
.
 
27
9.0
49
 
27
4.1
17
 
d!
y 
27
7.0
24
 
27
7.4
47
 
27
4.7
99
 
27
0.8
18
 
27
6.7
07
 
27
5.3
89
 
27
1.6
95
 
41
21
94
 
29
4.9
67
 
29
4.9
91
 
29
5.0
07
 
29
4.9
23
 
29
3.8
42
 
29
3.4
88
 
28
5.7
46
 
27
4.1
08
 
29
5.0
09
 
29
4.9
74
 
29
4.8
96
 
d!
y 
29
2.8
80
 
29
2.3
90
 
29
1.0
04
 
28
8.4
22
 
28
1.7
57
 
27
8.8
57
 
27
8.6
81
 
27
8.6
55
 
27
8.6
68
 
27
4.6
38
 
d!
y 
27
6.8
93
 
27
7.1
82
 
27
4.
96
9 
27
1.6
23
 
27
6.6
29
 
27
5.4
60
 
27
2.1
45
 
41
18
19
4 
d!
y 
29
4.8
88
 
29
4.9
12
 
29
4.8
81
 
29
2.9
61
 
29
2.8
09
 
28
6.3
86
 
27
4.
83
9 
29
4.9
25
 
29
4.9
03
 
29
4.8
35
 
d!
y 
29
2.9
11
 
29
2.3
90
 
29
0.9
03
 
28
7.6
00
 
28
2.3
36
 
d!
y 
27
8.2
30
 
27
8.4
54
 
27
8.4
76
 
27
3.6
63
 
d!
y 
27
6.9
23
 
27
7.1
79
 
27
2.4
55
 
27
1.9
12
 
27
6.2
63
 
27
4.4
00
 
27
1.
49
9 
51
2/9
4 
d!
y 
29
4.8
42
 
29
4.8
63
 
29
4.8
29
 
29
3.6
07
 
29
3.2
47
 
28
6.9
28
 
27
5.4
79
 
29
4.8
82
 
29
4.8
68
 
29
4.8
12
 
d!
y 
29
2.7
98
 
29
2.3
78
 
29
1.0
43
 
28
8.0
63
 
28
2.7
90
 
d!
y 
27
8.2
94
 
27
8.2
77
 
27
8.2
96
 
27
4.3
82
 
d!
y 
27
6.8
62
 
27
7.0
85
 
27
2.9
52
 
27
2.4
76
 
27
6.6
01
 
27
4.6
50
 
27
1.9
28
 
51
18
19
4 
d!
y 
29
4.8
27
 
29
4.8
42
 
29
4.8
23
 
29
3.7
23
 
29
3.3
51
 
28
7.4
62
 
27
6.1
95
 
29
4.8
90
 
29
4.8
86
 
29
4.8
33
 
d!
y 
29
2.6
55
 
29
2.2
47
 
29
1.0
46
 
28
8.2
24
 
28
3.0
80
 
d!
y 
27
8.1
29
 
27
8.1
12
 
27
8.1
34
 
27
5.0
71
 
d!
y 
27
6.8
38
 
27
7.0
30
 
27
3.4
33
 
27
3.0
22
 
27
6.6
59
 
27
4.9
19
 
27
2.3
63
 
5/3
11
94
 
d!
y 
29
4.6
56
 
29
4.6
65
 
29
4.6
43
 
29
3.7
07
 
29
3.3
36
 
28
7.8
31
 
27
6.7
35
 
d!
y 
29
4.7
28
 
29
4.6
89
 
d!
y 
29
2.4
41
 
29
2.0
76
 
29
1.0
13
 
28
8.2
37
 
28
3.4
40
 
d!
y 
27
7.9
31
 
27
7.9
08
 
27
7.9
30
 
27
5.5
22
 
d!
y 
27
6.7
98
 
27
6.9
54
 
27
3.7
53
 
27
3.3
57
 
27
6.6
68
 
27
5.1
00
 
27
2.6
65
 
61
10
19
4 
d!
y 
29
4.5
22
 
29
4.5
43
 
29
4.5
64
 
29
3.6
89
 
29
3.3
36
 
28
8.0
90
 
27
7.1
37
 
d!
y 
29
4.6
16
 
29
4.5
81
 
d!
y 
29
2.2
80
 
29
1.9
20
 
29
0.9
43
 
28
8.2
33
 
28
3.6
92
 
27
8.8
57
 
27
7.7
51
 
27
7.7
38
 
27
7.7
56
 
27
5.8
20
 
d!
y 
27
6.7
89
 
27
6.9
14
 
27
3.9
73
 
27
3.6
07
 
27
6.6
94
 
27
5.2
27
 
27
2.8
80
 
6I2
S1
94
 
d!
y 
29
4.4
21
 
d!
y 
29
4.5
52
 
d!
y 
29
2.0
97
 
d!
y 
d!
y 
27
7.5
85
 
d!
y 
27
6.7
65
 
61
28
19
4 
d!
y 
29
4.4
43
 
29
4.4
73
 
29
4.5
21
 
29
3.6
56
 
29
3.3
05
 
28
8.4
95
 
27
7.8
17
 
d!
y 
29
4.5
69
 
29
4.5
36
 
d!
y 
29
2.1
00
 
29
1.7
71
 
29
0.8
82
 
28
8.2
03
 
28
4.1
04
 
d!
y 
d!
y 
27
7.5
70
 
27
7.5
83
 
27
6.2
72
 
d!
y 
27
6.7
49
 
27
6.8
44
 
27
4.3
32
 
27
3.9
57
 
27
6.5
77
 
27
5.4
64
 
27
3.2
06
 
7/1
41
94
 
d!
y 
29
4.1
13
 
29
4.1
40
 
29
4.2
01
 
29
3.6
19
 
29
3.2
38
 
28
8.8
00
 
27
8.3
84
 
d!
y 
29
4.2
20
 
29
4.2
02
 
d!
y 
d!
y 
29
1.5
49
 
29
0.7
75
 
28
8.1
30
 
28
4.4
30
 
d!
y 
d!
y 
27
7.4
43
 
27
7.4
61
 
27
6.5
92
 
d!
y 
27
6.7
07
 
27
6.7
89
 
27
4.6
16
 
27
4.1
89
 
27
6.7
12
 
27
5.6
48
 
27
3.4
66
 
\0
 
00
 
Pi
ez
om
et
er
 
V
F·
5 
V
F·
10
 
V
F·
15
 
V
F·
25
 
V
F·
35
 
V
F·
50
 
V
F·
75
 
VF
·lO
O 
V
F·
5A
 
V
F·
10
A
 
V
F·
15
A
 
V
M
·5
 
V
M
·IO
 
V
M
·1
5 
V
M
·2
S 
VM
·S
O 
V
M
·7
5 
V
A
N
·5
 
V
A
N
·IO
 
V
A
N
· I 
5 
V
A
N
·2
S 
V
A
N
·5
0 
V
A
S·
5 
V
A
S·
IO
 
V
A
S·
IS
 
V
A
S·
2S
 
V
A
S·
50
 
V
A
S·
5A
 
V
A
S·
15
A
 
81
11
19
4 
ch
y 
29
3.2
39
 
29
3.5
62
 
29
3.6
55
 
29
3.1
71
 
29
3.1
62
 
28
9.2
17
 
27
9.2
56
 
ch
y 
29
3.4
89
 
29
3.
43
4 
dr
y 
29
2.7
98
 
29
2.2
89
 
29
0.7
45
 
28
7.
97
7 
28
4.8
96
 
ch
y 
ch
y 
2n
.3
26
 
2n
.3
45
 
27
6.
99
7 
ch
y 
27
6.6
53
 
27
6.7
19
 
27
2.
69
9 
27
4.
45
7 
27
6.4
05
 
27
3.
70
6 
V
 AS
·3O
A 
27
1.
45
4 
.
.
.
 
de
no
tes
 n
o
t d
ete
nn
in
ed
. 
81
20
19
4 
ch
y 
29
3.
47
0 
29
3.5
16
 
29
3.
60
7 
29
3.3
93
 
29
3.
15
0 
28
9.3
30
 
27
9.
51
4 
ch
y 
29
3.4
11
 
29
3.3
50
 
ch
y 
29
2.7
40
 
29
2.2
25
 
29
0.9
61
 
28
7.9
55
 
28
5.
0\
8 
ch
y 
ch
y 
27
7.3
25
 
27
7.
34
2 
27
7.1
01
 
dr
y 
27
6.6
37
 
27
6.
70
4 
27
3.0
95
 
27
4.
52
6 
27
6.
52
6 
27
3.
93
9 
27
2.
51
8 
9/1
19
4 
dr
y 
29
3.1
7S
 
29
3.2
18
 
29
3.2
93
 
29
3.4
54
 
29
3.1
16
 
28
9.4
64
 
27
9.
85
0 
dr
y 
ch
y 
29
3.0
25
 
dr
y 
29
2.4
17
 
29
1.9
23
 
29
1.0
07
 
28
7.9
10
 
28
5.1
80
 
ch
y 
ch
y 
2n
.2
S3
 
2n
.2
66
 
2n
.2
01
 
dr
y 
27
6.6
18
 
27
6.6
76
 
27
3.5
73
 
27
4.5
88
 
27
6.6
18
 
27
4.2
21
 
27
2.
m
 
9/8
19
4 
ch
y 
29
3.
43
7 
29
3.5
13
 
29
3.6
22
 
29
3.4
73
 
29
3.1
23
 
28
9.
S3
7 
28
0.
03
4 
ch
y 
29
3.3
12
 
29
3.3
68
 
ch
y 
29
2.9
72
 
29
2.2
89
 
29
0.9
91
 
28
7.9
13
 
28
5.2
68
 
ch
y 
ch
y 
2n
.4
39
 
2n
.4
65
 
27
7.
27
0 
ch
y 
27
6.6
47
 
27
6.6
95
 
27
3.8
45
 
27
4.6
31
 
27
6.
62
4 
27
4.
38
0 
27
2.
91
9 
9/1
51
94
 
ch
y 
29
3.4
31
 
29
3.4
86
 
29
3.S
91
 
29
3.4
82
 
29
3.0
98
 
28
9.6
04
 
28
0.2
22
 
dr
y 
29
3.3
73
 
29
3.3
01
 
dr
y 
29
2.8
33
 
29
2.3
75
 
29
1.1
04
 
28
7.9
07
 
28
5.3
51
 
ch
y 
dr
y 
27
7.4
02
 
.
 
27
7.
42
0 
2n
.3
23
 
dr
y 
27
6.6
18
 
27
6.6
73
 
27
4.
11
0 
27
4.6
63
 
27
6.6
38
 
27
4.
53
6 
27
3.0
61
 
91
29
19
4 
ch
y 
29
3.4
43
 
29
3.5
07
 
29
3.6
28
 
29
3.S
03
 
29
3.1
10
 
28
9.7
32
 
28
0.5
72
 
ch
y 
29
3.4
68
 
29
3.3
74
 
dr
y 
29
2.5
33
 
29
2.1
95
 
29
1.1
96
 
28
7.9
10
 
28
5.5
03
 
10
12
19
4 
ch
y 
ch
y 
27
7.
26
7 
27
7.
28
4 
2n
.4
33
 
ch
y 
27
6.6
15
 
27
6.6
61
 
27
4.6
58
 
27
4.7
35
 
27
6.5
75
 
27
4.
87
4 
27
3.
38
0 
10
11
81
94
 
ch
y 
29
3.5
01
 
29
3.5
68
 
29
3.7
01
 
29
3.4
39
 
29
3.0
83
 
28
9.8
73
 
28
1.0
17
 
dr
y 
ch
y 
29
3.S
14
 
dr
y 
29
2.3
83
 
29
2.0
58
 
29
1.1
23
 
28
7.8
10
 
28
5.6
83
 
dr
y 
ch
y 
2n
.2
22
 
2n
.2
38
 
2n
.5
15
 
ch
y 
27
6.6
43
 
27
6.6
64
 
27
5.0
88
 
27
4.7
92
 
27
6.S
26
 
27
5.1
48
 
27
3.6
69
 
11
12
19
4 
ch
y 
29
3.8
42
 
29
3.5
71
 
29
3.6
95
 
29
3.6
71
 
29
3.0
84
 
28
9.9
76
 
28
1.3
75
 
ch
y 
29
3.7
37
 
29
3.6
65
 
dr
y 
29
2.2
98
 
29
2.4
05
 
29
0.3
94
 
28
8.5
90
 
28
5.8
17
 
dr
y 
ch
y 
2n
.1
89
 
27
7.2
05
 
27
7.5
58
 
ch
y 
27
6.6
06
 
27
6.6
43
 
27
5.4
60
 
27
4.
84
4 
27
6.5
21
 
27
5.3
84
 
27
3.
94
7 
12
14
19
4 
ch
y 
29
3.6
33
 
29
3.6
96
 
29
3.8
14
 
29
3.4
1S
 
29
3.1
47
 
29
0.1
32
 
28
2.0
06
 
ch
y 
29
3.7
41
 
29
3.6
85
 
ch
y 
29
2.6
18
 
29
2.1
19
 
29
0.8
67
 
28
7.9
87
 
28
6.0
39
 
ch
y 
ch
y 
2n
.1
68
 
27
7.1
80
 
2n
.6
34
 
ch
y 
27
6.5
94
 
27
6.6
2S
 
27
3.2
65
 
27
4.
95
4 
27
6.3
44
 
27
4.
18
2 
27
4.
43
4 
\0
 
\0
 
Piezometer 
BT-5 
BT-I0 
BPW-12 
BT-lS 
BT-25 
BT-SO 
BT-5A 
BT-I0A 
BT-15A 
BM-5 
BM-lO 
BM-15 
BM-25 
BM-40 
BC-5 
BC-I0 
BC-15 
BC-25 
BC-5A 
BC-15A 
BC-30A 
VF-5 
VF-I0 
VF-15 
VF-25 
VF-35 
VF-SO 
VF-5A 
VF-IOA 
VF-15A 
VM-5 
VM-I0 
VM-15 
VM-25 
VM-SO 
VAN-5 
VAN-I0 
VAN-IS 
VAN-25 
VAN-SO 
VAS-5 
VAS-I0 
VAS-IS 
VAS-25 
VAS-50 
VAS-5A 
VAS-15A 
VAS-lOA 
100 
Table 5. Anion analyses; April, 1994. Concentrations in mg L-l . 
F1 
chy 
chy 
0.17 
0.37 
0.53 
0.39 
chy 
<0.04 
0.28 
0.22 
0.20 
0.19 
0.37 
0.62 
0.22 
<0.56 
0.35 
0.29 
0.35 
0.31 
0.20 
0.18 
0.33 
0.52 
O.SO 
0.32 
0.32 
0.23 
0.46 
0.43 
chy 
<0.04 
<0.56 
<0.56 
0.39 
chy 
0.11 
0.17 
0.19 
<0.04 
chy 
0.13 
0.18 
<0.04 
<0.04 
<0.56 
<0.56 
<0.56 
Cl 
6.94 
9.29 
1.67 
4.39 
6.80 
16.27 
13.30 
13.18 
7.13 
2.23 
3.51 
6.79 
15.68 
3.56 
3.21 
13.60 
4.10 
4.22 
11.23 
12.38 
16.87 
13.57 
2.03 
0.80 
6.97 
12.81 
16.42 
84.52 
155.72 
170.63 
1.40 
23.53 
23.06 
34.80 
6.93 
19.78 
20.01 
6.07 
3.19 
24.70 
13.23 
12.72 
Br 
<0.06 
<0.06 
<0.06 
0.94 
<0.06 
<0.06 
<0.06 
<0.06 
<0.06 
<0.06 
<0.06 
<0.06 
<0.84 
0.63 
0.85 
0.52 
0.67 
0.80 
<0.06 
<0.06 
<0.06 
<0.06 
<0.06 
<0.06 
<0.06 
<0.06 
<0.06 
<0.06 
<0.84 
1.07 
<0.06 
<0.06 
<0.06 
<0.06 
<0.06 
<0.06 
<0.06 
<0.06 
<0.06 
<0.84 
<0.84 
4.24 
NO, 
<0.04 
<0.04 
<0.04 
<0.04 
<0.04 
<0.04 
<0.04 
<0.04 
<0.04 
<0.04 
<0.04 
<0.04 
<0.56 
<0.04 
<0.04 
<0.04 
<0.04 
<0.04 
<0.04 
<0.04 
0.06 
<0.04 
<0.04 
<0.04 
<0.04 
<0.04 
<0.04 
<0.04 
<0.56 
<0.56 
<0.04 
<0.04 
<0.04 
<0.04 
<0.04 
<0.04 
<0.04 
<0.04 
<0.04 
<0.56 
<0.56 
<0.56 
NO, 
64.59 
<0.04 
<0.04 
<0.04 
88.82 
<0.04 
4.67 
4.63 
<0.04 
<0.04 
<0.04 
<0.04 
<0.56 
<0.04 
<0.04 
<0.04 
<0.04 
<0.04 
1.24 
9.63 
20.41 
9.93 
3.33 
<0.04 
0.51 
10.81 
6.38 
78.22 
119.n 
<0.56 
<0.04 
1.19 
<0.04 
<0.04 
<0.04 
1.17 
<0.04 
3.88 
<0.04 
<0.56 
<0.56 
<0.56 
<0.15 
<0.15 
<0.15 
<0.15 
<0.15 
<0.15 
<0.15 
<0.15 
<0.15 
<0.15 
<0.15 
<0.15 
<2.25 
<0.15 
<0.15 
<0.15 
<O.IS 
<0.15 
<0.15 
<0.15 
<0.15 
<0.15 
<0.15 
6.70 
<0.15 
<0.15 
2.52 
<0.15 
<2.25 
<2.25 
<0.15 
<0.15 
<0.15 
<0.15 
<0.15 
<0.15 
<0.15 
<0.15 
<0.15 
<2.25 
<2.25 
49.31 
so. 
21.18 
203.64 
0.75 
4.31 
21.08 
1.31 
23.21 
23.61 
244.13 
57.09 
1.21 
23.44 
838.99 
38.23 
1.68 
241.65 
143.03 
180.29 
13.42 
45.99 
54.38 
35.29 
203.68 
327.08 
16.53 
43.37 
88.69 
136.31 
248.28 
25.48 
29.62 
52.54 
70.91 
61.01 
213.81 
18.31 
62.78 
590.20 
381.58 
1530.79 
1231.85 
1287.13 
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Table 6. Anion Analyses; July, 1994. Concentrations in mg L-1. 
Piezometer Fl CI Br NO. NO, HPO. SO. 
BT-S dry 
BT-IO <1.6 6.02 <2.4 <1.6 34.99 <6.0 18.85 
BPW-12 <1.6 6.27 <2.4 <1.6 55.87 <6.0 18.55 
BT-lS <1.6 8.01 <2.4 <1.6 <1.6 <6.0 101.76 
BT-2S <1.6 0.64 <2.4 <1.6 <1.6 <6.0 <4.0 
BT-SO not sampled 
BT-5A dry 
BT-I0A <1.6 6.66 <2.4 <1.6 58.45 <6.0 18.03 
BT-15A <1.6 14.88 <2.4 <1.6 <1.6 <6.0 <4.0 
BM-5 dry 
BM-lO dry 
BM-15 <1.6 4.45 <2.4 <1.6 <1.6 <6.0 151.n 
BM-2S <1.6 1.07 <2.4 <1.6 <1.6 <6.0 43.59 
BM-40 not sampled 
BC-5 dry 
BC-I0 <1.6 13.56 <2.4 3.13 <1.6 <6.0 844.22 
BC-15 <1.6 2.82 <2.4 <1.6 <1.6 <6.0 24.62 
BC-2S <1.6 2.51 <2.4 <1.6 <1.6 <6.0 5.04 
BC-5A <1.6 11.91 <2.4 <1.6 <1.6 <6.0 219.88 
BC-1SA <1.6 2.97 <2.4 <1.6 <1.6 <6.0 114.92 
BC-3OA <1.6 2.88 <2.4 <1.6 <1.6 <6.0 128.12 
VF-5 dry 
VF-l0 <1.6 10.02 <2.4 <1.6 <1.6 <6.0 39.00 
VF-lS <1.6 14.30 <2.4 30.82 24.14 <6.0 52.22 
VF-2S <1.6 10.68 <2.4 <1.6 <1.6 <6.0 30.18 
VF-3S <1.6 4.07 <2.4 <1.6 <1.6 <6.0 167.76 
VF-SO not sampled 
VF-SA dry 
VF-l0A <1.6 10.73 <2.4 <1.6 4.33 <6.0 36.06 
VF-ISA <1.6 14.07 <2.4 <1.6 7.21 <6.0 66.SO 
VM-S dry 
VM-I0 dry 
VM-lS <1.6 140.35 <2.4 <1.6 12S.99 <6.0 239.54 
VM-2S <1.6 163.30 <2.4 <1.6 <1.6 <6.0 16.64 
VM-SO not sampled 
VAN-5 dry 
VAN-I0 dry 
VAN-IS <1.6 23.39 <2.4 <1.6 <1.6 <6.0 66.95 
VAN-2S <0.4 34.49 <0.6 <0.4 <0.4 <1.S 62.21 
VAN-SO not sampled 
VAS-S dry 
VAS-I0 <1.6 18.79 <2.4 <1.6 <1.6 <6.0 8.37 
VAS-15 <1.6 18.55 <2.4 <1.6 <1.6 <6.0 57.86 
VAS-2S <1.6 4.92 <2.4 <1.6 <1.6 <6.0 591.29 
VAS-SO not sampled 
VAS-SA <1.6 19.76 <2.4 8.1S <1.6 <6.0 1753.34 
VAS-15A <1.6 15.55 <2.4 3.08 <1.6 <6.0 833.20 
VAS-3OA not sampled 
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Table 7. Anion Analyses; November, 1994. Concentrations in mg L-1. 
pjezometes" Fl Cl Br NO, NO] HPO. SO. 
BT-S dry 
BT-IO dry 
BPW-12 dry 
BT-IS <Xl.4 9.03 <Xl.6 <Xl.4 <Xl.4 <1.S 6O.Sl 
BT-2S <Xl.4 2.03 <Xl.6 <Xl.4 <Xl.4 <I.S <1.0 
BT-SO not sampled 
BT-SA dry 
BT-IOA dry 
BT-ISA <Xl.4 IS.63 <Xl.6 <Xl.4 <Xl.4 <I.S <1.0 
BM-S dry 
BM-to dry 
BM-IS <Xl.4 S.S3 <Xl.6 <Xl.4 <Xl.4 <1.S 103.3S 
BM-2S <Xl.4 3.23 <Xl.6 <Xl.4 <Xl.4 <I.S 42.76 
BM-40 not sampled 
BC-S dry 
BC-IO <Xl.4 12.24 <Xl.6 <Xl.4 <Xl.4 <1.S 739.42 
BC-1S <Xl.4 4.56 <Xl.6 <Xl.4 <Xl.4 <1.S 33.80 
BC-2S <Xl.4 4.09 <Xl.6 <Xl.4 <Xl.4 <1.S IS.08 
BC-SA <Xl.4 12.33 <Xl.6 <Xl.4 <Xl.4 <I.S 201.03 
BC-15A <Xl.4 3.69 <Xl.6 <Xl.4 <Xl.4 <1.5 100.95 
BC-30A not sampled 
VF-S dry 
VF-IO <Xl.4 21.13 <Xl.6 <Xl.4 7.64 <I.S 41.42 
VF-IS <Xl.4 14.43 <Xl.6 <Xl.4 21.19 <I.S S2.48 
VF-2S <Xl.4 IS.4O <Xl.6 <Xl.4 8.12 <I.S 37.06 
VF-3S <Xl.4 2.98 <Xl.6 <0.4 <0.4 <I.S 142.56 
VF-SO not umpled 
VF-SA dry 
VF-I0A dry 
vF-ISA <Xl.4 14.S8 <Xl.6 <0.4 4.21 <I.S 82.43 
VM-S dry 
VM-IO <Xl.4 130.22 <Xl.6 <0.4 97.33 <I.S 149.71 
VM-IS <Xl.4 139.20 <Xl.6 <0.4 124.07 <1.S 229.63 
VM-2S <0.4 165.72 <Xl.6 <0.4 <0.4 <1.S 20.87 
VM-SO not sampled 
VAN-S dry 
VAN-IO dry 
VAN-IS <0.4 23.S7 <0.6 <0.4 <Xl.4 <I.S 6S.56 
VAN-2S <Xl.4 30.42 <Xl.6 <0.4 <0.4 <I.S S8.34 
VAN-SO not sampled 
VAS-S dry 
VAS-IO <0.4 19.45 <0.6 <0.4 <0.4 <1.5 9.56 
VAS-IS <0.4 19.4S <Xl.6 <Xl.4 <Xl.4 <1.5 36.28 
VAS-2S not sampled 
VAS-SO not sampled 
VAS-SA <Xl.6 20.3 <1.2 7.63 <0.8 <3.0 1744.83 
VAS-ISA <Xl.8 13.33 <1.2 <0.8 <Xl.8 <3.0 1329.74 
VAS-lOA not umpled 
Piezometer 
BT-15 
BT-25 
BT-15A 
BM-15 
BM-25 
BC-1O 
BC-15 
BC-25 
BC-5A 
BC-15A 
VF-I0 
VF-15 
VF-25 
VF-35 
VF-15A 
VM-I0 
VM-15 
VM-25 
VAN-15 
VAN-25 
VAS-1O 
VAS-15 
VAS-5A 
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Table 8. Major and minor element analyses; November, 1994. 
Ca Mg Na K 
93.33 30.24 21.98 4.3 
66.92 23.44 23.49 3.2 
72.39 24.60 7.95 1.5 
103.40 36.90 15.40 3.2 
78.34 28.63 33.46 4.4 
301.80 86.29 25.99 4.9 
133.70 39.87 30.83 4.7 
126.40 35.74 37.50 4.2 
185.10 56.18 31.62 5.0 
149.20 42.46 43.25 5.2 
86.62 28.74 6.20 1.1 
93.78 35.31 
79.13 27.78 
8.72 1.4 
8.01 1.6 
114.80 32.06 17.'51 3.4 
85.04 29.86 48.31 3.1 
187.10 59.88 48.04 BDL 
207.40 64.78 62.79 5.3 
118.80 37.73 10.93 4.0 
103.90 30.25 23.48 0.9 
110.00 32.43 13.91 1.7 
118.90 32.63 11.02 1.8 
119.80 33.28 12.51 1.9 
639.00 142.75 45.26 5.3 
Fe Mn Sr 
1.21 0.64 0.30 
1.37 0.73 0.34 
0.02 0.17 0.17 
1.97 0.13 
2.37 0.09 
2.48 1.24 
10.48 0.11 
13.61 0.15 
0.98 0.19 
11.90 0.09 
0.01 0.01 
0.01 0.02 
0.00 0.24 
0.75 1.10 
0.01 0.17 
0.03 0.07 
0.02 0.03 
7.13 0.18 
0.00 0.23 
0.02 0.22 
0.05 1.23 
8.33 2.95 
0.45 4.39 
0.38 
0.42 
0.92 
0.61 
0.61 
0.75 
0.78 
0.21 
0.27 
0.23 
0.38 
0.34 
0.28 
0.28 
0.46 
0.16 
0.22 
0.19 
0.25 
1.73 
Ba 
0.12 
0.22 
0.18 
0.14 
0.25 
0.05 
0.42 
0.45 
0.60 
0.54 
0.13 
0.17 
0.12 
0.03 
0.10 
0.04 
0.04 
0.21 
0.13 
0.22 
0.19 
0.36 
0.00 
Si B 
11.53 0.13 
13.23 0.25 
9.48 0.07 
12.86 0.12 
11.35 0.29 
9.62 0.18 
11.09 0.21 
11.93 0.16 
10.83 0.28 
12.58 0.22 
13.43 0.03 
13.18 0.04 
10.92 0.03 
10.99 0.17 
13.52 0.05 
12.74 0.16 
13.41 0.07 
10.10 0.07 
9.63 0.06 
8.05 0.07 
8.43 0.04 
12.89 0.06 
15.57 0.28 
Li 
0.03 
0.01 
0.01 
0.02 
0.01 
0.01 
0.00 
0.00 
0.01 
0.00 
0.02 
0.02 
0.02 
0.04 
0.04 
0.02 
0.02 
0.02 
0.01 
0.01 
0.01 
0.01 
0.14 
VAS-15A 447.50 154.45 96.35 8.4 11.05 0.59 2.55 0.00 19.92 0.90 0.14 
BDL denotes below detection limit. 
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Table 9. DOC analyses for 1994. 
DOC {mgL-l} DOC {mgL-l} 
Piezometer March November Piezometer March November 
BT-5 VF-5 
BT-1O VF-I0 2.0 7.1 
BPW-12 8.2 VF-IS 2.6 4.6 
BT-15 9.2 17.9 VF-2S 2.2 4.5 
BT-25 1l.2 9.4 VF-35 2.7 9.2 
BT-SO 27.1 VF-SO 8.2 
BT-7S S8.8 VF-7S 6.1 
BT-I00 88.3 VF-100 6.7 
BT-SA VF-SA 2.7 
BT-I0A 6.3 VF-I0A 2.8 
BT-ISA 10.3 4.1 VF-ISA 4.1 7.4 
BM-S 9.1 VM-S 
BM-1O 1l.8 VM-I0 S.3 20.7 
BM-lS 12.8 . 6.0 VM-lS 8.3 7.7 
BM-2S 19.9 10.6 VM-2S 4.S 12.4 
BM-4O 22.2 VM-SO 3.3 
BM-60 73.7 VM-7S 3.4 
BC-S 12.4 VAN-S 
BC-I0 33.7 28.0 VAN-1O 4.4 
BC-lS 63.7 S9.9 VAN-IS 6.3 S.8 
BC-2S 6l.7 S3.8 VAN-2S 4.1 6.6 
BC-4O 29.4 VAN-SO 7.7 
BC-SA 40.9 33.0 VAS-S 
BC-lSA 48.6 43.9 VAS-1O 7.3 6.6 
BC-30A 44.1 VAS-IS 8.4 6.2 
VAS-2S 7.9 6.8 
VAS-SO S.2 
VAS-SA 7.5 9.6 
VAS-1SA 7.S 8.1 
VAS-30A 16.4 
... denotes not detennined. 
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Table 12. Pesticide analyses; April, 1994. 
Atrazine Metribuzin AJachlor Metolachlor 2,4-D Silvex Dicamba Basagran 
Piezometer (ug L-
'
) (us V') 
BT-S dry 
BT-IO dry 
BPW-12 NO NO ND NO <0.2 <0.2 <0.2 <0.2 
BT-IS NO NO ND NO <0.2 <0.2 <0.2 <0.2 
BT-2S NO NO ND ND <0.2 <0.2 <0.2 <0.2 
BT-SA dry 
BT-IOA NO NO NO NO <0.2 <0.2 <0.2 <0.2 
BT-ISA NO NO ND NO <0.2 <0.2 <0.2 <0.2 
BM-S dry 
BM-1O NO NO ND ND <0.2 <0.2 <0.2 <0.2 
BM-IS NO NO ND ND <0.2 <0.2 <0.2 <0.2 
BM-2S NO NO NO ND <0.2 <0.2 <0.2 <0.2 
BM-40 NO NO ND NO 
BC-S NO NO ND NO <0.2 0.21 <0.2 <0.2 
BC-IO NO NO ND ND <0.2 <0.2 <0.2 <0.2 
BC-IS NO NO NO NO <0.2 <0.2 <0.2 <0.2 
BC-2S NO NO ND ND <0.2 <0.2 <0.2 <0.2 
BC-SA NO NO ND ND <0.2 <0.2 <0.2 <0.3 
BC-ISA NO NO ND ND 
BC-30A NO NO ND ND 
Walnut Creek <0.2 <0.2 <0.2 <0.2 
VF-S dry 
VF-IO NO NO ND ND 
VF-IS NO NO ND ND 
VF·2S NO NO ND ND 
VF-3S NO NO ND ND 
VF-SO NO NO ND NO 
VF·SA NO NO ND ND 
VF-IOA NO NO ND NO 
VF-ISA NO NO NO NO 
VM-S dry 
VM·IO NO NO NO NO 
VM-IS NO NO ND ND 
VM-2S NO NO ND ND 
VM-SO NO NO ND ND 
VAN-S dry 
VAN-IO NO NO ND NO 
VAN-IS NO NO ND NO 
VAN-2S NO NO ND ND 
VAN-SO NO NO ND ND 
VAS-S dry 
VAS-IO NO NO ND NO 
VAS-IS NO NO ND NO 
VAS-2S NO NO ND ND 
VAS-SA NO NO ND ND 
VAS-I SA NO NO ND NO 
VAS-30A NO NO ND NO 
••• denotes not determined. ND denotes not detected. 
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Table 13. CO2 partial pressures (log Peo.), saturation indices (log SI), and 
charge balances calculated by WATEQF from the November 
sampling period. 
Log LogSI Log SI Charge 
Piezometer Peo, Calcite Dolomite Balance (%} 
BT-15 -2.0 +0.4 +0.5 2.3 
BT-25 -2.3 +0.6 +0.9 5.8 
BT-15A -2.1 +0.4 +0.5 11.7 
BM-15 -1.9 +0.4 +0.6 3.9 
BM-25 -2.1 +0.5 +0.8 5.5 
BC-10 -1.3 +0.6 +0.8 9.7 
BC-15 -1.5 +0.5 +0.7 8.1 
BC-25 -1.5 +0.5 +0.5 6.9 
BC-5A -1.3 +0.5 +0.6 7.2 
BC-15A :-1.4 +0.5 +0.6 7.1 
VF-IO -2.0 +0.3 +0.2 5.8 
VF-15 -1.9 +0.3 +0.3 6.6 
VF-25 -1.7 0.0 -0.4 6.2 
VF-35 -1.7 +0.3 +0.1 7.7 
VF-15A -2.1 +0.4 +0.5 0.7 
VM-lO -1.6 +0.5 +0.5 7.5 
VM-15 -1.6 +0.6 +0.9 5.4 
VM-25 -1.9 +0.4 +0.4 8.5 
VAN-15 -1.6 +0.1 -0.1 6.2 
VAN-25 -1.9 +0.4 +0.5 4.9 
VAS-10 -1.2 +0.1 -0.2 8.4 
VAS-15 -1.4 +0.2 +0.0 7.4 
VAS-5A -1.2 +0.4 +0.3 0.6 
VAS-1 SA -1.4 +0.5 +0.8 1.3 
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Table 1. Analyses of core. 
Location Core Depth NO.-N NH.-N Percent Geology· 
Sample {m} {mgL·I} {mgLI} Water 
Walnut BT-I 0.6 2.9 1.0 1.6 LW ox. till 
Creek- BT-2 1.7 <0.1 <0.1 2.3 LW ox. till 
Central BT-3 2.8 2.6 <0.1 LW ox. till Transect 6.5 
BT-4 3.7 <0.1 2.0 2.0 LW transition 
BT-5 4.2 <0.1 3.6 2.4 LW transition 
BT-6 6.0 3.5 4.0 1.3 LW unox. till 
BT-7 7.8 1.0 8.5 1.3 LW unox. till 
BT-8 9.4 4.6 9.7 2.9 LW unox. till 
BT-9 10.9 0.5 18.1 4.1 LW unox. till 
BT-IO 12.6 3.0 18.9 3.0 LW unox. till 
BT-Il 13.8 5.6 20.7 2.2 LW unox. till 
BT-12 15.3 <0.1 49.6 5.5 Wloess 
BT-l3 15.7 1.0 43.1 2.9 Wloess 
BT-14 16.2 1.0 48.9 3.5 Wloess 
BT-15 18.3 30.7 68.9 20.9 Wloess 
BT-16 20.0 1.7 57.9 16.7 Wloess 
BT-17 21.2 20.0 37.7 17.5 Wloess 
BT-18 23.2 0.6 55.3 17.6 Wloess 
BT-19 24.2· 7.4 39.2 15.2 Wloess 
BT-20 26.2 1.8 65.6 18.8 Y -S paleosol 
BT-21 27.8 1.3 73.5 20.9 Y -S paleosol 
BT-22 29.0 14.1 82.6 19.6 Y -S paleosol 
BT-23 29.9 6.9 93.2 17.2 Y -S paleosol 
BT-24 30.2 2.3 86.7 13.7 Y-S~leosol 
Walnut VF-I 0.2 45.7 4.3 21.0 soil 
Creek- VF-2 0.7 <0.1 <0.1 12.2 LW ox. till 
Eastern 
VF-3 1.6 <0.1 1.6 12.4 LW ox. till Transect 
VF-4 2.7 0.6 1.1 13.1 LW ox. till 
VF-5 4.3 1.1 <0.1 10.1 PI ox. till 
VF-6 5.7 <0.1 1.0 6.4 PI ox. till 
VF-7 7.3 1.1 <0.1 8.5 PI ox. till 
VF-8 7.8 <0.1 1.1 10.5 PI ox. till 
VF-9 9.7 3.3 2.8 11.6 PI transition 
VF-IO 10.8 2.7 4.3 9.8 PI transition 
VF-Il 12.3 2.2 8.8 11.3 PI transition 
VF-12 13.0 <0.1 9.1 10.6 PI unox. till 
VF-13 15.2 <0.1 14.4 7.5 PI unox. till 
VF-14 18.3 <0.1 18.9 13.3 paleosol 
VF-15 2l.S <0.1 24.7 12.5 PI unox. till 
VF-16 24.3 5.1 25.3 11.8 PI unox. till 
VF-17 27.3 3.8 28.1 11.9 PI unox. till 
VF-18 30.2 <0.1 28.5 9.3 PI unox. till 
• Abbreviations same as in Appendix A 
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Table 3. DEA data and core description. 
MeanDEA 
Core Depth (ng N g.1 day-I) Geology Comments 
Sample (m) Trt 1 Trt2 Trt3 
VAN-13 4.3 0.00 1.42 H alluviwn 2.5Y 6/2, ox. fme gr. alluv.lcolluv., leached of 
carbonate 
VAN-23 7.2 175.18 81.52 3.55 Halluviwn 2.5Y 6/4 ox. coarse gr. alluv.lcolluv., leached 
ofcarb. 
VAS-9 2.3 152.11 145.50 Halluviwn 2.5 Y 3/0 fme gr.overbank alluv., organic 
leached of carbo 
VAS-1O 2.7 3.34 0.00 0.00 H alluviwn 5G 411 fme gr., reduced alluv., Fe oxide 
BT-7 2.9 1.00 11.43 LWox. till 2.5YR 5/3 calc., Fe coated fract. 
K-1O 5.2 0.00 0.00 0.00 LWox. till 2.5YR 5/3 calc., fract. 
VF-IO 3.2 5.44 9.68 0.00 LWox. till lOYR 5/3 calc., Fe coated fract. 
VF-I0P 3.0 0.63 0.00 LWox. till 
BT-9 3.4 0.00 0.00 0.00 L W transition 2.5Y 5/3 calc., 
BT-90x 3.7 0.00 0.00 L W transition lOYR 4/6 Fe oxide zone (10 em) 
BT-9rd 3.7 0.00 0.00 L W transition 5G 411 reduced zone (30 cm) 
S-Wtr 3.0 0.00 0.00 L W transition 
BT-14 5.1 0.00 0.00 L W unox. till 10YR 4/1 calc., pebbly 
BT-18 6.1 13.33 12.97 L W unox. till 2.5YR 4/0 calc., no wood chips 
BT-22 7.3 0.00 L W unox. till 2.5Y 4/0 calc., pebbly 
BT-27 9.0 0.00 0.00 L W unox. till 2.5Y 4/0 calc., pebbly 
BT-38 12.4 69.16 77.85 11.63 L W unox. till 2.5Y 4/0 calc., pebbly, Fe partings, w/ wood 
chip and gastropod shell 
F-28 6.1 6.10 0.95 L W unox. till 10 YR 411 calc. 
J-13 6.4 0.00 0.00 LW unox. till 10YR 4/1 calc. 
N-12 4.9 0.00 0.00 L W unox. till 2.5Y 4/0 calc. 
N-19 7.0 0.00 0.00 L W unox. till 2.5Y 4/0 calc. 
BC-13 3.8 44.18 368.71 8.58 Type I loess 2.5Y 4/0 dissern. C and wood chips 
BC-17 4.7 158.90 143.12 Type I loess 2.5 Y 4/0 dissern. C? 
BC-37 9.3 71.66 61.54 4.90 Type I loess 5BG 411 reduced, sulfide smell 
H-42 11.9 0.00 0.00 Type II loess laminated, no wood chips 
H-47 13.4 0.00 0.00 Type II loess gastropod shell, no wood chips 
J-37 14.0 0.62 0.00 7.02 Type II loess calc., platy, no wood chips 
T-25 10.7 0.00 5.20 0.00 Type II loess reduced2 gastroEod shell 
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BC-47 12.1 0.00 21.37 Y -S paleosol alt. zones of2.5Y 510 and 2.5Y 5/3, gastropod 
shells, organic, Fe coat. fract., krotovina, 
leached of carbo 
BT-76 22.8 1.99 52.94 0.00 Y -S paleosol wood chips 
BT-89* 26.0 20.48 0.00 4.66 Y -S paleosol 10YR 411-412 slight calc., pebbles, krotavinas, 
Fe on clay skins 
BT-lOO* 30.4 0.00 0.00 0.00 Y -S paleosol 
B-48 15.5 0.00 0.00 Y -S paleosol 10YR 512 Fe coated fract.,leached of carbo 
0-25 8.2 0.00 0.00 Y -S paleosol lOYR 516 leached of carb., no fract. 
VF-15 4.5 0.00 0.00 3.41 PI ox. till lOYR 5/4 leached of carbo 
VF-15P 4.6 6.70 0.00 PI ox. till 
VF-21 6.2 0.79 0.00 PI ox. till 10YR 6/4 leached of carb., sand in fract. 
VF-25 7.6 0.00 0.00 PI ox. till 
VF-27 7.5 53.11 37.97 1.75 PI ox. sand 10YR 516 very calc., sand wI till 
VF-I06 9.3 45.23 58.54 12.98 PI ox. sand 10YR 5/4 very calc., sand wI till, Fe coatedlFe 
depleted zones 
S-PIs 4.6 271.34 140.25 PI ox. sand 
VF-33 9.1 0.00 0.49 0.00 PI transition 2.5Y 512 w/2.5Y 712 (gray) fract.zones 
VF-35 10.4 0.00 0.00 PI transition 
VF-1l2 10.7 0.00 0.00 ' 0.00 PI transition fract. wll OYR 516 Fe coat. and lOYR 6/1 Fe 
depleted zones 
S-PItr 4.0 26.50 28.17 PI transition 
BH-7 31.5 61.44 17.84 PI unox. sand lOYR 511 calc., fine gr. well sorted sand 
BH-ll 32.5 74.37 92.85 0.00 PI unox. sand 2.5Y 4/0 calc., fme gr. sand wI till or clay, 
cobble 
BH-33 37.7 136.14 43.82 PI unox. sand lOYR 511 calc., sand 
BH-34 37.8 0.00 0.00 0.00 PI unox. sand 10YR 511 calc., sand wI till 
BH-I 30.5 0.00 0.00 PIunox.till 2.5Y 3/0 calc., consol. till 
BH-18 34.0 0.00 0.00 0.00 PIunox.till 2.5Y 3/0 calc., consol. till, mollusc shell 
BH-41 38.9 0.00 0.00 0.00 PIunox.till 2.5Y 3/0 calc., consol. till 
S-PI 6.4 0.00 0.00 PIunox.till 
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Table 4. Statistical analyses for DEA data. 
Trt Geology N Mean Median SD SE Min Max Ql Q3 
1 Halluviwn 4 82.7 77.7 94.0 47.0 0.0 175.2 0.8 169.4 
LWox. till 4 1.77 0.81 2.48 1.24 0.00 5.44 0.16 4.33 
L W transition 4 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
L W unox. till 8 10.43 0.00 24.18 8.55 0.00 69.16 0.00 10.23 
Type I loess 3 91.6 71.7 59.9 34.6 44.2 158.9 44.2 158.9 
Typellioess 4 0.155 0.000 0.309 0.155 0.000 0.618 0.000 0.464 
Y -S paleosol 6 3.74 0.00 8.24 3.36 0.00 20.48 0.00 6.61 
PIox.ti11 4 1.87 0.39 3.24 1.62 0.00 6.70 0.00 5.22 
PI ox. sand 3 123.2 53.1 128 74.1 45.2 271.3 45.2 271.3 
PI transition 4 6.62 0.00 13.25 6.62 0.00 26.50 0.00 19.87 
PI unox. sand 4 68.0 67.9 55.8 27.9 0.0 136.1 15.4 120.7 
PIunox.till 4 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
2 Halluviwn 4 57.1 41.5 70.2 35.1 0.0 145.5 0.4 129.5 
LWox. till 4 5.28 4.84 6.14 3.07 0.00 11.43 0.00 11.00 
L W transition 4 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
LW unox. till 8 11.35 0.00 27.25 9.63 0.00 77.85 0.00 9.73 
Type I loess 3 191.1 143.1 159 91.9 61.5 368.7 61.5 368.7 
Typellioess 4 1.30 0.00 2.60 1.30 0.00 5.20 0.00 3.90 
Y -S paleosol 6 12.38 0.00 21.63 8.83 0.00 52.94 0.00 29.26 
PI ox. till 4 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
PI ox. sand 3 78.9 58.5 54.1 31.2 38.0 140.3 38.0 140.3 
PI transition 4 7.17 0.25 14.01 7.00 0.00 28.17 0.00 21.25 
PI unox. sand 4 38.6 30.8 40.4 20.2 0.0 92.8 4.5 80.6 
PIunox.till 4 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Trt denotes treatment. SD denotes standard deviation. 
SE denotes standard error of the mean. Q 1 denotes lower quartile. 
Q3 denotes upper quartile. H denotes Holocene. 
L W denotes late Wisconsinan. Y -S denotes Yarmouth-Sangamon. 
PI denotes Pre-illinoian. ox. denotes oxidized. 
unox. denotes unoxidized. 
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Table 5. DEA and estimated sample storage time for core samples from the Walnut Creek-
Eastern Transect. 
Core Depth Estimated Storage Treatment Treatment Treatment 
SamJ2le {m} Time {weeks} 1 2 3 
VF-I0P 3.0 2 0.63 0.00 
VF-15P 4.6 2 6.70 0.00 
VF-25P 7.6 2 0.00 0.00 
VF-35P 10.4 2 0.00 0.00 
VF-I0 3.2 52 5.44 9.68 0.00 
VF-15 4.5 52 0.00 0.00 3.41 
VF-21 6.2 52 0.79 0.00 
VF-33 9.1 52 0.00 0.00 0.00 
... denotes not detennined. 
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Table 6. Detenninations of moisture percentage for core. 
Core Depth Percent Geology 
Sample (m) Moisture 
VAN-13 4.3 6.02 H alluvium 
VAN-23 7.2 4.85 H alluvium 
VAS-9 2.3 9.68 H alluvium 
VAS-10 2.7 4.97 H alluvium 
BT-7 2.9 5.58 LWox. till 
K-lO 5.2 5.04 LWox. till 
VF-IO 3.2 5.54 LWox. till 
VF-IOP 3.0 4.91 LWox. till 
BT-9 3.4 2.98 L W transition 
BT-90x 3.7 4.65 L W transition 
BT-9rd 3.7 2.77 L W transition 
S-Wtr 3.0 6.74 L W transition 
BT-14 5.1 4.35 L W unox. till 
BT-18 ·6.1 4.40 L W unox. till 
BT-22 7.3 2.86 L W unox. till 
BT-27 9.0 5.93 L W unox. till 
BT-38 12.4 6.34 L W unox. till 
F-28 6.1 4.16 L W unox. till 
J-13 6.4 3.43 L W unox. till 
N-12 4.9 4.28 L W unox. till 
N-19 7.0 2.37 L W unox. till 
BC-13 3.8 9.40 Type I loess 
BC-17 4.7 4.84 Type I loess 
BC-37 9.3 11.01 Type I loess 
H-42 11.9 5.79 Type II loess 
H-47 13.4 11.06 Type II loess 
J-37 14.0 8.96 Type II loess 
T-25 10.7 7.07 Type II loess 
BC-47 12.1 8.40 Y -S paleosol 
BT-76 22.8 5.71 Y -S paleosol 
BT-89* 26.0 4.93 Y -S paleosol 
BT-IOO* 30.4 10.24 Y -S paleosol 
B-48 15.5 5.48 Y -S paleosol 
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G-25 8.2 7.93 Y -S paleosol 
VF-15 4.5 1.74 PI ox. till 
VF-15P 4.6 5.l3 PI ox. till 
VF-21 6.2 2.40 PI ox. till 
VF-25P 7.6 3.33 PI ox. till 
VF-27 7.5 3.90 PI ox. sand 
VF-106 9.3 5.l5 PI ox. sand 
S-PIs 4.6 6.53 PI ox. sand 
VF-33 9.1 PI transition 
VF-35P 10.4 5.62 PI transition 
VF-1l2 10.7 3.76 PI transition 
S-PItr 4.0 3.74 PI transition 
BH-7 31.5 8.85 PI unox. sand 
BH-ll 32.5 5.27 PI unox. sand 
BH-33 37.7 4.17 PI unox. sand 
BH-34 37.8 5.29 PI unox. sand 
BH-I 30.5 3.81 PI unox. till 
BH-18 3(0 2.80 PI unox. till 
BH-41 38.9 6.66 PI unox. till 
S-PI 6.4 2.58 PI unox. till 
H denotes Holocene. L W denotes late Wisconsinan. 
Y -S denotes Yannouth-Sangamon. PI denotes Pre-Illinoian. 
ox. denotes oxidized . unox. denotes unoxidized. 
... denotes not determined. 
